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Monitoring and Modeling Water Quality  
at the C.W. Young Regional Reservoir  
 
Daniel Robert Dye 
ABSTRACT 
 
This work explores the relationship between nutrient loading and changes in 
water quality in a sub-tropical, above-ground, off-stream municipal water supply 
reservoir, the C.W. Bill Young Regional Reservoir.  The three source waters for the 
reservoir have varied but high levels of nutrients such as phosphorus and nitrogen.  In 
other reservoirs, these nutrients have been linked to deterioration of water quality and 
increased expense in water treatment.  The need to minimize excess nutrients results led 
to the primary research question: what allocation of withdrawals from the three sources 
will minimize the deterioration of water quality?  To answer this question, the 
relationship between nutrient and other water quality data, such as temperature, 
phosphorus, chlorophyll a, Secchi depth, and trophic state indices were explored.  Results 
indicate that temperature had a correlation with observed water quality.  27.9% of the 
variability in trophic state index as a function of Chlorophyll a was correlated with 
average temperature at one foot below water level. 
Correlation and regression models were developed using available time-series of 
linear and log-transformed water quality data to predict Chlorophyll a response.  The 
parameters used in the model were selected from correlation matrices and from the P-
value in the multiple regression.  The models developed were significant at P < 0.05.  In 
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the developed models, temperature was found to have greater predictive strength than 
nutrients indicating that this reservoir may be more strongly influenced by season and 
light than by nutrient limitation.  
Lastly, the US Army Corps of Engineers’ eutrophication model, BATHTUB, was 
used to simulate different loading conditions and trophic response.  The model results 
indicate that use of water the middle pool or lower pool of the Tampa Bypass Canal yield 
similar trophic states with the middle pool slightly lower.  Use of water from the Alafia 
River yielded the highest trophic state and would be expected to have negative impacts 
on water quality.   
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CHAPTER ONE: INTRODUCTION 
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Water issues in the Tampa Bay area have become a subject of serious concern as 
the area’s ever-increasing population competes for a diminishing supply of fresh water.  
The regional water authority, Tampa Bay Water, is responsible for supplying a two-
million-and-growing population with potable water.  Increased pumping of groundwater 
has caused salt-water intrusion into aquifers, land subsidence, and compaction of 
aquifers, all of which reduce the storage potential and sustainability of drinking water 
supplies.  To address long-term needs, Tampa Bay Water reorganized in 1998 and 
focused on developing a sustainable water plan for the region.  This “Master Water Plan” 
reduces reliance on groundwater and looks to new sources such as increased usage of 
surface water and desalination of seawater.  The former project, the use of surface water, 
is challenged by Florida’s seasonal variability in rainfall which, in turn, impacts the 
available supply of surface water.  Shortly after the formation of Tampa Bay Water, a 
newly built surface water treatment plant was forced to shut down during the dry season 
due to water unavailability.  In response, Tampa Bay Water developed an innovative 
project: the construction of an off-stream, above-ground reservoir to store “untreated raw 
surface water diverted during high flow conditions from the Tampa Bypass Canal, the 
Hillsborough River, and the Alafia River” (FDEP, 2001, p.3).  Thus, excess water that is 
available during wet months and can be tapped during the dry months.  The “C.W. Bill 
Young Regional Reservoir” was completed and filled in early 2005 and now supplements 
the surface water treatment plant when needed, allowing year-round operations. 
However, this was the first major above-ground reservoir of its kind built within 
Florida and there are many questions about what happens to surface water brought from 
different sources when it enters the reservoir and is stored for long periods of time.  
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Long-term storage of raw surface water in the reservoir might have negative impacts on 
the quality of the water.  The three sources of the reservoir have high levels of nutrients 
and organic matter, which in other reservoirs have been shown to cause deterioration of 
water quality and algae blooms.  Thus, reservoir managers must carefully predict and 
observe changes in water quality within the structure and their relationship to source 
waters and nutrient loading.  The reservoir’s management plan requires monitoring and 
sampling at a number of locations and depths for an array of water quality parameters and 
indicators to facilitate these studies.   
 
 This work addresses a critical concern in the geography of water resources: 
establishing the empirical relationship between nutrient loading and changes in water 
quality.  There is a need for study of “how human society directly influences the state of 
the terrestrial water cycle” (Vörösmarty, 2000, p.284).  Geography, the study of society 
and the environment is a logical place for this research to occur.  Water resources experts 
examine water at various scales ranging from global (Vörösmarty, 2000) to the watershed 
level (Bhadburi, 2000).   
 Much of water resources research is applied in that it focuses on solving real-
world problems.  Specifically, there are two broad areas of water resources management 
that help to inform this work:  water quantity and water quality.  The study of water 
quantity is often focused on the development of new water resources or on the 
management of existing water sources (Baron, 2002; De Villiers, 2000; Jackson, 2001; 
Postel, 2000).  Assessing water quality research examines the characteristics of water for 
either drinking water quality or for environmental management of water (Johnes, 1997; 
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Mattikalli, 1996; Poe, 2005).  Often, the impact of land-use within a watershed is 
common (Mattikalli, 1996; Tong, 2001; Johnes, 1997).  Land-use models are often used 
to predict water quality inputs due to lack of sampled water quality data (Lim, 2001).  In 
this study, there is frequent water sampling, making time series analysis of water quality 
change possible.  Linear regression and multivariate regression (Carpenter, 1998), which 
are used in this study, have previously proven effective in predicting biomass from time-
series data in other reservoirs. 
 There are several techniques possible for assessing correlation of water quality 
parameters, such as nutrients, and trophic response in time-series data.  For example the 
Partial Mann-Kendall Test can be used for detection of trend in the presence of covariates 
(Libiseller, 2002).  In this study bivariate and multivariate regression are used to establish 
the relationships between water quality data and Chlorophyll a response.   
Bivariate linear regression between phosphorous levels and deterioration of water 
quality has proven effective in other studies (Carlson, 1996).  This correlation is due to 
low phosphorus levels limiting algal growth.  However, in west-central Florida, 
phosphorus is naturally abundant and is unlikely to limit algal growth.   
This study uses linear regression between two measures of water temperature and 
the Trophic State Index as a function of Chlorophyll a to establish the empirical 
relationship in time-series data.  There is thought to be a strong correlation between 
warmer surface water temperature and thermal stratification and Chlorophyll a.  
Multivariate models are created using available water quality data to determine the 
relative predictive power between select temperature, nutrients, and time in a phosphorus 
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abundant reservoir.  Lastly, an existing empirical eutrophication model, BATHTUB, is 
used to predict trophic response to various loading regimes. 
 
Specifically, this project will: 
• Explore and analyze the water observation dataset  from the main water sources 
and from the reservoir over distinct time periods 
• Develop data reduction and statistical summaries of water quality  
• Establish empirical relationships between nutrients and water quality 
• Model water quality relationships using an established reservoir model 
(BATHTUB) 
The results obtained from the objectives outlined above will allow the research questions 
and hypotheses discussed below to be assessed. 
A frequently used indicator of surface water quality is Carlson’s Trophic State 
Index (Carlson, 1977, 1996).  The index is a function of three criteria: Secchi depth, 
Chlorophyll a, and total phosphorus.  For the Regional Reservoir, this study uses the 
Trophic State Index as a function of Chlorophyll a (TSI(CHL))  in the first research 
question: 
 
1. How has the water quality as measured by the TSI(CHL) changed from the filling 
of the reservoir to present?   
Hypothesis 1a:  The reservoir’s trophic state is seasonally influenced.  TSI(CHL) 
will increase in warmer months and decrease in cooler months.  There is a strong 
positive relationship between epilimnon (near-surface) temperature and 
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TSI(CHL). 
Method: Measure correlation between near-surface temperature and TSI(CHL).  
 
Hypothesis 1b: Increasing difference in temperature between the near-surface 
and hypolimnion (deep water) temperature are a good measure of seasonal 
difference (and indicate the onset of stratification).  The difference between these 
two (Tdiff) will indicate the degree of stratification.  Increasing stratification will 
yield higher TSI(CHL).  That is, the relationship between TSI(CHL) and  Tdiff  
will be positively correlated. 
Method: Measure correlation between Tdiff and TSI(CHL).  
 
Hypothesis 1c: Multivariate regression can be used to establish the power of 
available water quality data as a predictor of Trophic State Index as a function of 
the concentration of Chlorophyll a. 
Method: Iteratively develop multivariate regression models that best fit the 
available water quality parameters. 
 
The C.W. Bill Young Regional Reservoir is filled with water diverted from three 
sources: the Alafia River, the Middle Pool (MP) of the Tampa Bypass Canal (TBC), and 
the Lower Pool (LP) of the TBC.  These three sources haves different water quality 
characteristics that impact the quality of the reservoir as measured by the TSI.  A 
eutrophication model can be used to predict the TSI response to various input schemes 
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(e.g. 100% input from Alafia).  Understanding the trophic response to varied inputs can 
help reservoir managers make decisions about resource allocation.  
 
2. How does the modeled water quality change with different input schemes? 
Hypothesis 2: Initial studies show that nutrient levels (such as total phosphorus) 
in the Lower Pool of the TBC are lower than the other two sources.   Greater use 
of its water will yield lower TSI than those of other input schemes.  Percentage 
contribution from the Lower Pool and TSI will be negatively correlated. 
Method: Run the BATHTUB model multiple times while changing the relative 
Flow (hm3/yr) from each of the three tributaries.  Calculate the TSI for each 
model run.   
 
The fact that increases in nutrients into a water body cause increases in primary 
production is well known (Vollenwider, 1977; Dillon, 1974).  The increase in primary 
production has negative impacts on water quality such as decreased oxygen, decreased 
water clarity, and unfavorable changes in biota (Dillon, 1974).  However, this 
relationship between nutrients and response is complex and quantifying these impacts 
and measuring variability between different water bodies is an area of active research.   
The goal of this thesis is to explore the relationship between nutrients, 
temperature, water clarity, and phytoplankton in a new municipal supply reservoir.  
Although similar studies exist for other reservoirs, none exist for the C.W. Bill Young 
Regional Reservoir.   Aside from being a new water body, it is unique in several ways: it 
is above ground, it is off-stream, and it blends water from three unique sources.  
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Additionally, the source waters for this reservoir are rich in nutrients that have, in other 
reservoirs, been shown increase phytoplankton, decrease dissolved oxygen levels and 
water clarity, and cause unfavorable changes in species composition (Dillon, 1974).  In 
this study, I will quantify these impacts in a unique setting.  
Nutrient enrichment of a reservoir and the resulting increases in algal growth can 
have the following direct effects on the quality of water within the impoundment 
(Walker, 1983, p.38): 
• Increases in particulate organic substances, such as phytoplankton, 
zooplankton, bacteria, fungi, and detritus; 
• Algal population shifts toward more undesirable types (e.g. blue-greens) 
• Increases in dissolved organic compounds that (a) have chelating or 
complexing properties, (b) impart tastes and odors, (c) increase color, (d) 
are potential organohalide precursors, (e) provide substrate for bacterial 
growth in treatment plants and distribution systems, or (f) may contribute 
to corrosion problems; 
• Increases in pH and its daily fluctuations; and 
• Depletion of oxygen in the sediment-water contact area, causing 
incomplete mineralization of organic substances and release of hydrogen 
sulfide, ammonia, phosphorus, iron, manganese, other metals, methane, 
and other reduced organic compounds into the water column. 
 
Thus, there are both direct and indirect effects on water supply operations and 
treatment costs associated with nutrient enrichment (Walker, 1983).  Some of these 
negative operational effects include impacts on floc formation, filtration, disinfection, 
and distribution (Walker, 1983, p.36).   
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Structure of the Thesis 
 This first section has provided an introduction to the problem and highlighted 
some of the tasks required to research it.  The next section provides a background on 
reservoirs.  Chapter two details some of the nutrients and water quality parameters under 
study in this thesis and discusses some the relationships between them.  Chapter three 
examines the study area and source waters for the reservoir.  Chapter four addresses 
research methodology. Results and a discussion of their importance are presented in 
chapter five.  Chapter six draws conclusions, and recommends future research for this 
problem. 
Reservoirs 
With over 1.3 trillion km3, water is plentiful on this planet.  Unfortunately, only a 
small fraction of this is potable or fresh enough to use for agriculture.  Only 2.5% of the 
Earth’s water is fresh (Gleick, 1996; Jackson, 2001).  Of the fresh water, only 1% is 
readily available with the other 99% locked in permanent ice or in deep aquifers (Table 
1).  
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Water source 
Water volume, 
in cubic miles 
Water 
volume, in 
cubic 
kilometers 
Percent of 
fresh water 
Percent of 
total water 
Oceans, Seas, & 
Bays 
321,000,000 1,338,000,000 -- 96.5 
Ice caps, Glaciers, 
& Permanent Snow 
5,773,000 24,064,000 68.7 1.74 
Groundwater 5,614,000 23,400,000 -- 1.7 
    Fresh 2,526,000 10,530,000 30.1 0.76 
    Saline 3,088,000 12,870,000 -- 0.94 
Soil Moisture 3,959 16,500 0.05 0.001 
Ground Ice & 
Permafrost 
71,970 300,000 0.86 0.022 
Lakes 42,320 176,400 -- 0.013 
    Fresh 21,830 91,000 0.26 0.007 
    Saline 20,490 85,400 -- 0.006 
Atmosphere 3,095 12,900 0.04 0.001 
Swamp Water 2,752 11,470 0.03 0.0008 
Rivers 509 2,120 0.006 0.0002 
       
Biological Water 269 1,120 0.003 0.0001 
Total 332,500,000 1,386,000,000 - 100 
Source: Gleick, P. H., 1996: Water resources. In Encyclopedia of Climate and Weather, ed. by 
S. H. Schneider, Oxford University Press, New York, vol. 2, pp.817-823. 
Table 1 - An estimate of global water distribution 
 
Fortunately, freshwater is a renewable resource.  It precipitates at volumes several 
times more than what humans require (Postel, 2000; Jackson, 2001).  Approximately 
110,000 km3/yr falls onto terrestrial, freshwater, and estuarine ecosystems (Jackson, 
2001).  Unfortunately, there is significant geographic variability in where precipitation 
occurs and the problem is compounded by temporal variability, that is, when it occurs.   
This variability is problematic for human civilizations, which require a steady 
supply of the resource.  As a result, our historical settlements have been in areas where 
there was sufficient and regular supply of freshwater (Szewzyk, 2000).  Developing 
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techniques in water diversion, transport, and storage played an important role in allowing 
civilizations to prosper and populations to grow.   One of these techniques, the 
impoundment of water in reservoirs, helps to mitigate the temporal and geographic 
variability in water supply.  However, human population pressure has had and continues 
to have a negative impact on the quality of natural and artificially impounded fresh water 
supplies.    
This section provides an overview on water diversion, conservation, and storage.  
It will further explore how reservoirs help to solve problems of water’s temporal and 
geographic variability.  In Chapter two, issues of water quality within water conservation 
and storage schemes will be addressed. 
 
Reservoir Usage 
In this section, water diversion, conservation, and storage technologies will be 
addressed.  The section begins with pre-history and follows with discussion on how 
improving technology has changed the scale of these techniques.  Some of the benefits of 
impounding water are listed and examples are cited.  
 
History 
To ameliorate the problems associated with water’s geographic and temporal 
scarcity, we divert water from its natural path and/or store water in natural or artificial 
reservoirs.  There is ample archaeological evidence of antiquarian water conservation and 
diversion reservoirs (Bayman, 1997; Doolittle, 1992; Grolier, 1996).  These involve the 
use of “the natural terrain to concentrate runoff on the field and/or using canals, weirs, 
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dams, dikes, or terraces to control runoff or floodwaters” (Pool, 2002, p.65).  This 
enabled agriculture in areas that would have otherwise been unsuitable and allowed the 
expansion of the agricultural lifestyle.   
These conservation and diversion schemes help solve the problems associated 
with spatially and temporally erratic rainfall (Pool, 2002).  They allow irrigation of fields 
rather than relying on natural drainage (Pool, 2002).  These techniques played a vital role 
in the transition from hunter-gatherer society to one of domestic agriculture and 
pastoralism (the Neolithic Revolution).  Investments in water infrastructure yielded 
profits worthy of permanent settlements (Zeder, 1994). 
One of these early water conservation schemes was the creation of in-stream 
reservoirs.  These water impoundments were created by damming rivers to fill a 
floodplain or valley.  The increased volume and level of water made the water body more 
useful.  As technology in earth moving and new materials such as concrete have been 
developed, in-stream reservoirs have increased in scale.  At larger scales, new uses such 
as hydroelectric power have become possible.  In fact, modern reservoirs have many 
uses.  The next section will list some of these uses and provide examples. 
 
Uses for Reservoirs 
A reservoir is an impoundment of water (sometimes an artificial lake) that 
somehow makes a waterway and/or the impoundment more useful to civilization:  it 
increases the temporal availability of the resource by mitigating the variability in the river 
level.  It increases the geographic availability of the resource by artificially increasing the 
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water level and head (head is the vertical difference in water level and thus potential 
energy between the two sides of the dam), which in turn enable the water to travel 
downhill farther from the reservoir.  The increased head is harnessed to do work.  The 
increase in the water’s depth above the reservoir increases the navigability of the water 
body.  Control of water flow in the river can protect communities and habitats from 
flooding.   
As the examples that follow will demonstrate, these uses are not mutually 
exclusive.  That is, reservoirs constructed for hydro-electric power can also assist with 
flood-control.  Secondary uses also develop in reservoirs, for example by increasing the 
habitat for fish which can be hunted for sport or food and other leisure uses such as 
swimming or boating.   
 
Mitigating Variability in the Geographic and Temporal Availability of Water 
As mentioned in the introduction to this chapter, there is a huge disparity in the 
geographic distribution of precipitation and this problem is compounded by its temporal 
variability.  Areas where annual variability is large and annual precipitation is low (e.g. 
the central-west coast of South-America, North Africa, Central Australia) are particularly 
vulnerable (Water Resources Atlas, 1984).  These low-precipitation/high-variation areas 
suffer from long-term drought and, when faced with torrential rain, these areas suffer 
again from flooding and mudslides.  In fact, more people die from flooding in dry areas 
that from lack of water (World Water Assessment Programme, 2003).  An example of 
this occurred on the drought prone central-west coast of South America in 1998.  
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Torrential rains associated with El Niño climate patterns caused severe flooding in Peru, 
killing 70 people and leaving 22,000 homeless (CNN, 1998).   
Intra-year variability in precipitation is also a problem.  Human civilization and 
many environmental systems benefit from a slow, steady supply of fresh water, but 
rainfall and snowfall are often seasonal.  Snowmelt and seasonal rainfall cause 
approximately half of the precipitation to run rapidly off the land in floods rather than 
recharging freshwater supplies (Postel, 2000).  These factors contribute to fresh and 
potable water as temporally scarce resource.  Creating artificial reservoirs of water helps 
to mitigate this temporal variability.  Excess water is stored in the rainy season (or years) 
can be used in the dry season (or years).  An example of this is the C.W. Young Regional 
Reservoir in west-central Florida.  This municipal supply reservoir is filled during the 
rainy season with water pumped from local rivers.  The reservoir is then tapped in the dry 
season to allow year-round usage of a seasonally available resource. 
 
Increased Potential Energy in Water Impoundments 
The potential energy of impounded water, or head, can be used to increase the 
transportability of water and also as a source of energy.  Small-scale usage can be 
illustrated by the mill pond, where a small pond is created by damming a river.  Some of 
the water is diverted to flow from the higher pond to the lower river through the mill 
where it turns a water wheel.  The water wheel in turn transfers the energy to milling 
stones.  
The scale of water impounding structures changed dramatically in the beginning 
of the 1800s because of new technology in earth moving and new materials such as 
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concrete.  These new technologies made it possible to impound water on a massive scale.  
By increasing the size of the structure, the head and potential energy were also increased.  
This made possible extremely profitable hydroelectric power stations.  Since power is 
lost with electricity transmission, these dams have usually been constructed near the areas 
of demand, typically industrial centers or densely populated areas.  One of the more 
notable hydroelectric dams is the Grand Coulee on the Columbia River.   
The Grand Coulee was originally conceived as a water resource for irrigation in 
the area but wartime needs for electricity to power aluminum smelting and later for a 
growing population contributed to its enlargement.  Rather than being situated near an 
existing population center, the dam was partly responsible for the ensuing 
industrialization and population increase in the Pacific Northwest.  The high surface flow 
and steep canyon walls of the Columbia made the site an ideal location for a large-scale 
hydroelectric dam.  Unfortunately, the location is also environmentally sensitive and the 
dam had negative impacts on spawning salmon and the Native American tribes whose 
lifestyles depended on them. 
 
Reservoirs’ Impacts on Water Navigability 
Reservoirs often improve the navigability of the headwaters by deepening the 
river upstream and regulating flow downstream.  For example, one of the goals of the 
Three Gorges Dam project in China is to improve navigation upstream to the 
municipality of Chongqing by covering rapids and downstream to the city of Yichang by 
increasing flow in the dry season (Dai Qing, 1989).  The Three Gorges project provides a 
good example of a multiple-use reservoir.  The project has three primary functions: 
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generating hydro-electric power, improving navigability, and flood control (Dai Qing, 
1989).   
 
Flood Mitigation 
The Tennessee Valley Authority estimates that their 35 dams prevent about $225 
million in flood damage every year (TVA, 1961).  However, sometimes flooding events 
exceed the design specifications of dams.  When this occurs, the resultant flooding can be 
catastrophic as a great deal of water is released at once.  For example, the Banquiao 
Reservoir Dam in China, constructed to control flooding, was breached in August of 
1975.  The structure was designed to withstand a 1-in-1,000 year flood.  In that year, it 
faced a 1-in-2,000 year flood associated with a major typhoon.  The immediate loss of 
life is estimated at 26,000 with subsequent epidemics killing another 145,000 (Qing, 
1998).  
One impact of flood mitigation is disruption of the natural pattern of a flood plain.  
This is a benefit to society in that it allows people to settle on lands that would otherwise 
be periodically flooded, but it has also been linked to long-term environmental damage.  
Historically, periodic flooding increased the fertility of floodplains, making them 
attractive for agriculture.  With the control of flooding, farmers are forced to replenish 
nutrients through the artificial application of fertilizer.   
 
Reservoirs for Municipal Water Supply 
 Reservoirs also store water for municipal supply.  For example, in the 1850s the 
City of Boston, Massachusetts created Lake Cochituate by damming the Sudbury River.  
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This 2 billion gallon municipal supply reservoir was capable of yielding 10 million 
gallons of water per day and was used until the 1950s (Wallace, 1984).  Similarly, in 
1914 the city of San Francisco, California, began work to dam the Tuolumne River in 
Yosemite National Park.  The O'Shaughnessy dam created the Hetch Hetchy Reservoir 
for municipal supply (Dunway, 2006). 
 
Municipal Supply Reservoirs in the Tampa Area 
The City of Tampa, Florida’s municipal supply reservoir, the Tampa Reservoir, 
was created in the 1945 by damming the Hillsborough River 16 kilometers upstream 
from its mouth on Hillsborough Bay (Goetz, 1978).  The reservoir has a maximum 
capacity of 2 billion gallons, and provides as much as 75% of the city’s municipal water 
in the rainy season.  In the dry season however, the Tampa Reservoir cannot meet 
demand.  To meet the municipal need for an all year supply of surface water, the C.W. 
Bill Young Regional Reservoir was created.   
The Young Regional Reservoir is an off-stream reservoir.  Rather than damming a 
river, an artificial impoundment was created several miles away from the source waters.  
Raw water from the sources is piped to the reservoir when adequate surface flow is 
present.  Water is extracted from the reservoir during the dry season, helping to bridge 
the gap between rainy seasons.  
 
Summary of Reservoirs 
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This section examined the history and usage of reservoirs for human needs and 
briefly discussed the environmental impacts of reservoirs.   It is important to study and 
understand environmental impacts of reservoirs because our civilization is dependent on 
our environment in ways that we are only beginning to understand.  Small and large 
reservoir projects have improved our lives in many ways but they have cost and damaged 
many lives as well.  By researching environmental impacts, we can maximize the positive 
and minimize damage. 
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CHAPTER TWO: WATER QUALITY 
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Introduction 
The quality of fresh surface water is critical for both the environment and for 
civilization.  For potable water supplies, such as drinking water reservoirs, this issue is 
especially relevant.  Deterioration of water quality in municipal supply reservoirs can 
have negative economic and health impacts.  This thesis focuses on these changes in 
surface water quality in a municipal supply reservoir especially due to nutrient supply 
and phytoplankton response.   
In this chapter, water quality and factors causing its deterioration are reviewed.  
The chapter includes background information on nutrients and how their shortage can 
limit primary production.  The related issues of low dissolved oxygen levels, high levels 
of organic matter, and sedimentation will also be addressed.  Other important factors in 
water quality (SWFWMD, 2004) that are not addressed in this thesis are metals, 
pesticides, chemical, and bacterial contamination. 
 
Nutrient Supply 
The supply of nutrients is generally regarded as the most important factor 
impacting water quality of surface water bodies (Klavins, 2002).  The most important are 
phosphorus (P) and nitrogen (N), but calcium, magnesium, sulfur, silica, iron and other 
metals and metalloids can also play an important role where not readily available.  The 
shortage of N and/or P is usually responsible for limiting algal growth and its associated 
problems.  When this limiting factor becomes more available, algal blooms and rapid 
deterioration of water quality are seen. Some of the most important  studies on this topic 
 24 
are Vollenwider’s 1977 OECD study, which related nutrient loading to accelerated 
eutrophication of lakes (Vollenwider, 1977), Dillon and Rigler’s 1974 article, “The 
Phosphorus-Chlorophyll Relationship in Lakes” in Limnology and Oceanography, which 
provided a summary and discussion of nutrient budget models, and Carlson’s 1977, “A 
Trophic State Index for lakes” appearing in Limnology and Oceanography.   
In this chapter, nitrogen, phosphorus, dissolved oxygen, and eutrophication, and 
trophic state will be discussed. 
 
Nitrogen 
 Nitrogen occurs in water as dissolved nitrogen gas, as inorganic compounds 
ammonia (NH3), ammonium (NH4
+), nitrite (N02), and nitrate (N03), and as organic 
nitrogen compounds (Klavins, 2002).   Of these, nitrate is usually the most the abundant 
inorganic form found in surface waters and reservoirs (Lim, 2001).  Ammonia and nitrite 
both convert to nitrate in the presence of oxygen but nitrate is stable in the presence of 
oxygen.  Ammonium ions form under acidic conditions.  
The amount of nitrogen in surface water usually reflects the land use of the 
surrounding watershed.  Land use such as agriculture and livestock farming cause higher 
levels of non-point nitrogen runoff and volatized nitrogen which can settle or be 
deposited into water bodies through wet or dry atmospheric deposition (Paerl, 1997).  
Point sources, such as urban and rural wastewater, and storm-water runoff can also be 
significant sources of nitrogen. 
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Nitrogen is deposited from the atmosphere into water bodies as runoff, dry-fall 
(from gas or particulates) or as wet-fall (precipitation).  The nitrogen gas (N2)  that 
composes most of our atmosphere is not readily available to most organisms.  However, 
in surface water it may be an important source of this limiting nutrient because some 
species of blue-green algae and bacteria are able to convert N2 into a usable form through 
nitrogen fixation.  Thus, when the more bio-available forms of nitrogen are not present, 
the ecosystem may favor blue-greens, causing changes in species composition.   .   Dry-
fall of nitrogen also occurs in its other forms: particulate NO3- and NH4
+ settle into water 
bodies and can be significant sources of nutrients. 
 Wet-fall or precipitation also brings significant amounts of nitrogen into surface 
water bodies.  For example, in a 2003 thesis studying Tampa Bay, Smith found wet 
deposition of Ammonium (NH4
+) as high as 21.7 microequivalents per liter (ueq/L) and 
nitrate as high as 30.4 ueq/L (Smith, 2003).   
Water bodies near agricultural land-use can experience increased dry and wet 
nitrogen deposition because these nutrients are volatized from fertilizer or animal waste.  
Urban areas and the burning of fossil fuels also contribute nitrogen as NOx and as 
dissolved organic N (Paerl, 1997). 
 
Phosphorus 
 Phosphorus has been theoretically, empirically, and experimentally (Schindler, 
1974) implicated as one of the key determinants of surface water quality.  The 
over-enrichment of lakes with phosphorus is the primary cause of eutrophication 
(Carpenter, 2005).  Phosphorus pollution comes from point and non-point, natural and 
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anthropogenic sources.  Major sources include sewage, runoff from agriculture, urban 
areas, and storm-water (Carpenter, 2005.   
Inorganic phosphorus (phosphate, PO4) is the most bio-available form (Lim, 
2001).  The severe problems caused by phosphate laundry detergents in the middle of the 
last century made phosphorus pollution a public environmental issue.  This resulted in 
reduction of the phosphate content of laundry detergents and an outright ban in many 
states.  As the point source pollution of phosphorus has decreased, problems with 
non-point sources have increased.  Runoff from fertilizers applied to farmland is one of 
the most important sources (Carpenter, 2005, p.10002). 
Phosphorus is not naturally abundant in most water bodies (Florida being an 
exception) and it readily precipitates into the sediment when in the presence of oxygen 
and metals (Lim, 2001).  However, under hypoxic conditions, it becomes water soluble 
and is released back into the water column.  This process is called internal loading. 
 
Nutrient Ratio 
 Typically, the availability of either nitrogen (N) or phosphorus (P) limits primary 
production (i.e. algal growth) in lakes.  The relationship between total nitrogen (TN) and 
total phosphorus (TP), the TN:TP ratio, indicates which of these is more growth limiting 
for phytoplankton (Klavins, 2002; Lim,  2001).  If the ratio is over 17, P is considered 
limiting.  If it is between 10 and 17, both P and N are considered limiting, and if it is 
below 10, N is considered limiting (Table 2). 
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Table 2 - TN:TP ratio as a determinant of limiting 
factor. 
TN:TP Ratio Limiting factor 
> 17 P 
10-17 Both P and N  
<10 N  
 
 
 
Dissolved Oxygen 
Oxygen plays a vital role in the chemical and ecological balance of a surface 
water body.  Oxygen is absorbed into the water column from the atmosphere and 
generated through primary production by photosynthesis.  However, when thermal 
stratification of the water body takes place, low dissolved oxygen (DO) conditions can 
occur in the metalimnon (middle layer) and hypolimnon (deep layer).  Organic processes, 
especially bacterial decomposition, can further degrade the DO levels and create hypoxic 
(oxygen deficient; DO < 2 mg/L) or anoxic (oxygen absent; DO < 0.5 mg/L) conditions 
(HDR, 2001).  Chemical and organic processes that occur in these conditions (especially 
at or near the sediment/water boundary) are usually unfavorable to water quality (e.g. 
taste and odor problems, an increase in metals in the water column, and increases in 
ammonia, and hydrogen sulfide).  Thus, measures of DO are a key indicator of water 
quality. 
 
Eutrophication 
The term “eutrophic” literally means “well-nourished” and the eutrophication 
process refers to natural or artificial addition and accumulation of nutrients and sediments 
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in water bodies and to their effects (ISE, 1967).  Eutrophication is drastically sped up 
when excessive nutrients (i.e. from anthropogenic point and non-point sources) are 
supplied.  This increased nutrient loading causes an increase in primary production, 
causes a decrease in oxygen in the hypolimnon (sediment water boundary), decreased 
water clarity, and unfavorable changes in ecological species (Dillon, 1974, p.767). 
 
Algal Blooms 
True algae are eukaryotic (complex-celled) organisms that are 
photoautotrophic, that is they use chlorophyll a to create energy from sunlight and 
carbon dioxide.  Cyanobacteria are prokaryotic (simple celled; they have no 
nucleus or chloroplast) but also contain chlorophyll a and are capable of 
photosynthesis (Zurawell, 2001).  Thus, cyanobacteria are commonly referred to 
as “blue-green” algae.  Collectively, algae and cyanobacteria can be referred to as 
phytoplankton. 
“Algal” blooms are a rapid increase in phytoplankton (either true algae or 
cyanobacteria).  Algal blooms are likely to occur when conditions for increased 
productivity exist, such as optimal light, temperature, and nutrient availability 
(HDR, 2001, p.3).  These blooms can have negative impacts on the aesthetics, 
recreational use, taste, odor, and even safety of fresh water bodies. 
Because of the importance of preventing algal blooms, and the difficulties in 
changing temperature and light supply to water bodies, we pay a great deal of attention to 
the nutrients that limit their growth.  Reduction in phosphorus loads (especially 
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anthropogenic ortho-phosphorus) have had a profound reduction on nuisance algal 
blooms.  
 
Trophic States 
A young lake is termed oligotrophic.  It is characterized by high levels of 
dissolved oxygen and low primary productivity (i.e. little algal and plant growth).  As 
nutrients accumulate in the water, biota, and sediment, the lake becomes mesotrophic.  
This stage is characterized by moderate primary-production and lower dissolved oxygen 
levels, especially at the hypolimnion (deep water and/or near-bottom).  Eutrophic 
conditions are characterized by high levels of productivity, (unfavorable) changes in 
dominant species, frequent algal blooms (especially of blue-green algae), and Biological 
Oxygen Demand (BOD) near or equal to available oxygen (Table 3).  Eutrophication 
causes a decrease in biodiversity and has been linked to Harmful Algal Blooms (HABs) 
some of which, e.g. Microcystis, can make the water toxic.  
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Limnological 
characterisation 
Oligotrophic Mesotrophic Eutrophic 
General level of 
production 
low medium high 
Biomass low medium high 
Green and/or 
blue-green 
algae fractions 
low variable high 
Hypolimnetic 
oxygen content 
high variable low 
Impairment of 
multi-purpose 
use of lake 
little variable great 
(Organization for Economic Co-Operation and 
Development (OECD)) 
Table 3 - Trophic characterization of lakes impairment. 
 
Trophic State Index 
The above terms (oligo-, meso-, eutrophic) are categorical in nature.  In 1977, 
Robert E. Carlson, proposed a “new approach to the trophic classification of 
lakes…[with] new methods both of defining trophic status and of determining that status 
in lakes” (Carlson, 1977, p.361)  This proposal appeared in the March 1977 issue of 
Limnology and Oceanography and was aptly titled, “A Trophic State Index for lakes”.  
Carlson’s Trophic State Index (TSI) uses a continuum ranging from 0 to 100 (although 
these limits can be exceeded) rather than a categorical classification (Carlson, 1996).   
Carlson’s Trophic State Index (TSI) is estimated by taking the natural logarithm 
and rescaling values of Secchi Depth, Chlorophyll a, and/or Total Phosphorus (Figure 1): 
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Figure 1 - Equations 11, 12, and 13 of 
Carlson's 1977 proposal for "A Trophic State 
Index". 
 
“The logarithmic transformation of the data normalizes the skewed data distribution, 
allowing the use of parametric statistics (mean, standard deviation, parametric 
comparison tests). This facilitates not only comparison and data reduction, but 
communication as well, because the user does not need to resort to graphs with 
logarithmic axes” (Carlson, 1996, p35). The indices are rescaled to ideally range from 0 
to 100 with lower numbers corresponding to oligotropy and higher eutro/hypereutrophy 
(Table 4).  However, because the TSI is a direct transformation, it is also possible for the 
indices to be below 0 or above 100.  Of the three parameters used in the TSI, Chlorophyll 
a best reflects the algal biomass of the reservoir (Carlson, 1996).  Therefore, TSI as 
function of Chlorophyll a is given priority for regression analysis in this thesis.  The other 
TSI components each have merits.  TSI(SD) is inexpensive to estimate and often the only 
data available.  Early season measurements of TSI(TP) are useful for predicting algal 
biomass later in the growing season (Carlson, 1996). 
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Table 4 - Possible Expected Features at Various Trophic State Indices.  Reproduced 
with permission from Table 2-4 of Tampa Bay Water's 2005 Regional Reservoir 
Management Plan. 
Trophic 
State 
Index 
Chlorophyll 
Pigments 
(mg/L) 
Secchi 
Depth 
(m) 
Total 
Phosphorous 
(mg/L) 
Features Water Supply 
< 30 <0.00095 >8 <0.006 
Oligotrophy: Clear 
water; oxygen 
throughout the year in 
the hypolimnion 
Water may be 
suitable for an 
unfiltered supply 
30-40 
0.00095-
0.0026 
8-4 0.006-0.012 
Hypolimnion of 
shallower lakes may 
become anoxic 
  
40-50 
0.0026-
0.0073 
4-2 0.012-0.024 
Mesotrophy: Water 
moderately clear; 
increasing probability 
of hypolimnetic anoxia 
during summer 
Iron, manganese, 
taste, and odor 
problems 
worsen; raw 
water turbidity 
requires filtration 
50-60 
0.0073-
0.020 
2-1 0.024-0.048 
Eutrophy: Anoxic 
hypolimnia, 
macrophyte problems 
possible 
  
60-70 0.020-0.056 0.5-1 0.048-0.096 
Cyanobacteria 
dominate; algal scums 
and macrophyte 
problems 
Episodes of 
severe taste and 
odor possible 
70-80 0.056-0.155 
0.25-
0.5 
0.096-0.192 
Hypereutrophy: 
Light-limited 
productivity; dense 
algae and macrophytes 
  
>80 >0.155 <0.25 0.192-0.384 
Algal scums; few 
macrophytes 
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The interrelationships between the three criterion used (Secchi Depth, 
Chlorophyll a, and Total Phosphorus) also describe certain conditions in the reservoir 
(Table 5).   
 
Table 5 - Interrelationships Between Trophic State Index Variables and the 
Associated Reservoir Conditions.   Reproduced with permission from Table 
2-5 of Tampa Bay Water's 2005 Regional Reservoir Management Plan 
Relationship Between TSI Value Reservoir Conditions 
TSI(CHL) = TSI(TP) = TSI(SD) Algae dominate light attenuation 
TSI(CHL) > TSI(SD) 
Large particles, such as Aphanizomenon 
flakes, dominate 
TSI(TP) = TSI(SD) >TSI(CHL) 
Non-algal particulates or color dominate 
light attenuation 
TSI(SD) = TSI(CHL) > TSI(TP) Phosphorous limits algal biomass 
TSI(TP) > TSI(CHL) = TSI(SD) 
Algae dominate light attenuation but some 
factor such as nitrogen limitation, 
zooplankton grazing or toxics limit algal 
biomass 
 
It should be noted that there are caveats associated with Carlson’s Trophic State 
Index.  The index was developed using observations from temperate, phosphorus-limited 
lakes with little rooted vegetation and little non-algal turbidity and the index may be less 
applicable for lakes that do not have these characteristics (EPA, 2006).  It is effectively 
“blind” to macro-phyte vegetation (Carlson, 1996).  Some of these, for example the water 
hyacinth (Eichornia crassipes) cause serious problems in tropical or sub-tropical 
reservoirs.  To address this issue Canfield suggested a method of TSI using macrocphyte 
density (Canfield, 1983).  This index might be used in the future should macrophyte 
blooms become an issue in the Regional Reservoir.  For nitrogen limited reservoirs, 
Kratzer and Brezonik created a TSI index using data from the National Eutrophication 
Survey on Florida lakes using the formula (Carlson, 1996; Kratzer, 1981). 
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Although every water body is unique and will exhibit different responses to 
nutrient (e.g. phosphorus) inputs, it is possible and useful to make generalizations about 
water bodies or sub-groups of water bodies (Carlson, 1996; Smith, 1990; Walker, 1982).   
 
 
Risks associated with eutrophic water for municipal supply 
Eutrophic raw water conditions present problems for municipal suppliers of 
drinking water.  The increased cost associated with treating the water can even limit the 
practicality of its use (Pimentel, 1997).  Aside from treatment expense, other potential 
impacts on users are (Walker, 1983, p.39):  
• Complaints about taste and odor; 
• Risk of exposure to potentially toxic and carcinogenic organic 
compounds; 
• Risk of exposure to potentially pathogenic bacteria; 
• Plumbing and clothing replacement costs related to iron-manganese 
deposition and organics-related corrosion; 
• Treatment costs for quality-sensitive industrial users; and 
• Fees for use of water, to pay for increased costs incurred by water utility. 
 
Taste and odor problems (T&O) are commonly associated with eutrophic 
conditions in reservoirs (Kudo, 2004).  The most common T&O problems (earthy and 
muddy) are associated with the harmless organic compounds Geosmin and 2-
methylisoborneol (MIB) but they cause a lack of trust and many complaints to municipal 
suppliers (Watson, 2001).   
 35 
When chlorine is used to disinfect water with naturally occurring organic 
materials (humic matter) commonly associated with eutrophic conditions, disinfection 
by-products such as carcinogenic trihalomethanes (THMs) can be formed (Walker, 
1983).  To avoid this problem, some water treatment plants designed for surface water 
disinfect with ozone and add chlorine only after treatment (to disinfect the distribution 
network). 
Eutrophic conditions lead to changes in the dominant species of algae.  This can 
lead to the excessive growth of Harmful Algal Blooms (HABs) and/or nuisance 
cyanobacteria especially in the summer months (Szewzyk, 2000).  Thus cyanobacteria 
are especially worrisome because, in addition to T&O problems, they can produce 
hepatotoxins, neurotoxins, and/or cytotoxins (irritants) which are not easily detected or 
removed from drinking water by most common water treatment or by boiling (Watson, 
2001).  Some of these toxins associated with these cyanobacteria blooms have been 
linked with human illness (Szewzyk, 2000).   
 One of the causes of eutrophication is excess nutrients from livestock runoff.  
Related to this, many pathogenic bacteria (e.g. Cryptosporidiosis) and viruses (e.g. 
hepatitis A) are enteric (from the intestine) in nature.  As an indicator of water 
contamination with enteric or fecal matter, the fecal coliform test is often used.  Although 
this test is not specific to pathogenic organisms themselves, it does give an indication of 
exposure to fecal sources (Szewzyk, 2000). 
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Modeling Eutrophication 
Eutrophication modeling is an important part of water quality management 
because policy makers need to derive information from data to make decisions.  
Understanding trophic response to varied nutrient loading conditions helps to provide that 
information (Bowen, 1997).   
Eutrophication models are also an important component of water research because 
they help scientists to generalize processes occurring in a water body.  These processes 
are usually the response of phytoplankton to water-body morphometry, light, 
temperature, and nutrients (Bowen, 1997).  However, eutrophication models can also be 
used inappropriately.  They can be used for systems not defined by the model, improperly 
calibrated, or poorly set-up (Wells, 2005).  As models become more user-friendly, they 
also become more of a “black box”.  In a black box, the complexity of the model is 
abstracted from users.  This is advantageous when that complexity is well-understood by 
users but a disadvantage when it is not.   
There are two major types of eutrophication models.  The first types are 
mechanistic (also called “process-based” or “deterministic” if only a single prediction is 
made (Bowen, 1997)) and the second types are based on statistical correlation and 
regression.  The former attempt to theoretically describe relevant processes with 
equations based on the principles of nutrient mass balance and conservation (Walker, 
2004, Bowen 1997).  The latter empirically establish correlation between various 
parameters and then infer the cause-effect relationship (Wells, 2002).   
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Existing Models 
CE-QUAL-W2 
The U.S. Army Corps of Engineers (ACE) has developed a deterministic 
2-dimensional water quality model that incorporates basic eutrophication processes 
including the relationships between temperature, nutrients, algae, dissolved oxygen, 
organic matter, and sediments (Wells, 2002). 
WASP-EUTRO 
The U.S. Environmental Protection Agency’s (EPA) Water Quality Analysis 
Simulation Program (WASP) has a deterministic eutrophication module: EUTRO.   
BATHTUB 
The model used for this thesis is an empirically derived model called 
BATHTUB.  It was developed by the U.S. Army Corps of Engineers (ACE) to 
study and predict trophic response based on nutrient inputs (Lim, 2001).  
BATHTUB has been cited as a “valuable tool for evaluating reservoir impacts” 
(Ernst, 1994, p.16), as useful “particularly where data is limited” (US EPA, 
1999(a), p.6-5) and (coupled with a watershed model) as “useful to provide lake 
and watershed managers the baseline water quality condition to develop 
sustainable management goals” (Wang, 2005, p.16).  
The BATHTUB model is useful “particularly where data are limited” (US 
EPA, 1999(a) citing Ernst, 1994).  BATHTUB uses a database of US Army Corps 
of Engineers (ACE) reservoirs to establish empirical relationships between 
nutrient loads and trophic response.  Because the empirical relationships have 
already been established, fewer historical data are required. 
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Summary 
 Outlined above are many of the risks and impacts of using eutrophic water for 
municipal supply.  There is considerable expense in treating water for the problems 
created by nutrient accumulation.  Thus, it is the task of water policy makers to assess the 
economic viability of limiting the accumulation of these nutrients through watershed 
management and nutrient pollution management.  Indeed, Walker found that “watershed 
management programs are potentially cost-effective in relation to treatment schemes that 
may be required to meet finished water quality objectives” (Walker, 1983, p.38).  
Modeling the relationship between nutrient loading and trophic response is a vital part of 
this decision making process.   
 39 
 
 
 
 
 
 
 
CHAPTER THREE: STUDY AREA 
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C.W. Bill Young Regional Reservoir 
This chapter introduces the study area for this thesis: the C.W. Young 
Regional Reservoir and its source waters: the Alafia River, the Tampa Bypass 
Canal, and the Hillsborough River.  The chapter begins by describing the 
geographic, geological, and climate of the area.  Afterwards, a history of the 
reservoir is given and its physical dimensions are detailed.  The water quantity 
and quality of the reservoirs sources are then each described.  The chapter closes 
with a description of the relevant agencies and stakeholders interested in the 
reservoir project.  Some of the data and publications of these parties are also 
listed. 
 
Geographic Setting 
 The C.W. Bill Young Regional Reservoir (Regional Reservoir) is located near the 
central-west coast of Florida east of Tampa Bay and North of the Alafia River.  The site 
selected for the reservoir was formerly a phosphate mine and its adjacent wetlands.  Site 
selection for the reservoir took into consideration impacts to residential areas and natural 
features such as wetlands, floodplains, and streams (FDEP, 2001).  
 
Geological Setting and Climate 
 The Regional Reservoir is situated in the Florida peninsula and atop Florida’s 
Hawthorne Formation.  This area is known as Bone Valley because of the formation’s 
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rich fossil content.  The formation is also a rich source of inorganic phosphorus 
(phosphate) which is mined in the surrounding area.   
The central-west coast of Florida is characterized by a humid, sub-tropical climate 
(Stoker, 1996).  This is important to note because much of the literature associated with 
surface water eutrophication studies describe temperate and boreal lakes where in-water 
processes can be quite different.  Average temperatures on the central-west coast are 
rarely below freezing.  The average yearly rainfall for the last twenty years in the 
Hillsborough River watershed was 51.6 inches (131.06 cm) with a minimum of 42.9 
inches (108.96 cm) and a maximum of 70.9 inches (180.09 cm) (SWFWMD, 2004).  
Average rainfall from June 1951 to May 1980 at the Tampa rainfall stations was 46.73 
inches (Stoker, 1996).  Florida receives the majority of its precipitation in and around the 
summer months.  The prolonged period from October – May receives very little 
precipitation.   
 
History 
The regional water supply authority, Tampa Bay Water (formerly West Coast 
Regional Water Supply Authority), is tasked with the municipal supply of a rapidly 
growing population.  To meet user needs, a Master Water Plan was created in 1998 that 
emphasizes sustainable sources such as surface water.  Unfortunately, due to the seasonal 
nature of precipitation in Florida, the newly-built Regional Surface Water Treatment 
Plant (RSWTP) cannot run throughout the year, causing costly intervals during the dry 
season due to water unavailability.  The reservoir under study was designed as a part of 
the Master Water Plan to address this problem.  Tampa Bay Water’s Regional Reservoir 
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project was/is innovative: an above-ground, off-stream reservoir that stores excess water 
diverted during the wet months.  This banked water is tapped during the dry months 
allowing the RSWTP to operate throughout the year.   
The reservoir was named after the Florida Representative that championed the 
project and secured $59 million in federal funds towards its construction.  The “C.W. Bill 
Young Regional Reservoir” was completed in early 2005.   
 
Physical Characteristics and Morphometry 
The morphometry (physical shape) of a water body has a strong impact on its 
water quality.  Shallow water bodies have increased light penetration and decreased 
stratification which result in greater primary production (i.e. algal growth).  The surface 
area and shape are important because the perimeter, which is typically shallow, has 
deeper light deeper penetration and can support macrophyte (large plant) growth.  More 
complicated (i.e. less circular) shapes have longer perimeters and thus greater area for 
this type of growth.  
The Regional Reservoir is approximately 3.22 km (2 miles) long (North-South) 
and 1.61 km (1 mile) wide (East-West) at its widest point.  The reservoir has a surface 
area of 4.05 km2 (43,560,000 sq. feet or 1,000 acres), a mean depth of 13.72 meters (45 
feet), and  holds 56,781,177 m3 of water (45,000 acre-feet or 14 billion gallons) (Table 
6).   
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Table 6 - Physical Characteristics of the C.W. Bill Young Regional 
Reservoir. Reproduced with permission from Veolia Water/Tampa Bay 
Water’s 2005 Regional Reservoir Management Plan  
Volume 45,000 acre-feet (15-billion gallons) 
Surface Area 1,000 acres 
Mean Depth 45 feet 
Inflow (annual average) 20 million gallons per day (MGD) 
Residence Time 782 days 
Areal Hydraulic Load 22 feet per year 
Maximum Influent Rate 202 MGD 
Maximum Withdrawal Rate 72 MGD 
 
The Regional Reservoir is unusual in that it is an above-ground reservoir.  A 
17-meter earthen embankment surrounds the reservoir and contains the impounded water.  
The average depth of the reservoir is 14 meters.  The northern portion of the reservoir is 
below the land surface as a result of excavation of materials for the embankment (FDEP, 
2001).  A bathymetry and bottom (sonar) reflectance study of the reservoir was 
conducted by the University of South Florida in early June 2006 (Locker, 2006). 
Water Sources 
The Regional Reservoir is unusual in that it is an off-stream reservoir.  Typically 
reservoirs are formed by damming a river to form an impoundment of water upstream 
from the dam.  In the case of the Regional Reservoir, an artificial impoundment was 
created miles away from its tributaries.  Water is pumped from the tributaries this 
distance up and into the reservoir.   
Water for the reservoir is harvested from three sources: the Alafia River, the 
middle pool and the lower pool of the Tampa Bypass Canal (the latter of which is 
influenced by the Hillsborough River).  Figure 2 shows the watersheds associated with 
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the Hillsborough and Alafia rivers.  The Tampa Bypass Canal’s watershed is between the 
Hillsborough and Alafia watersheds, northeast of Hillsborough Bay.   
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Figure 2 - Watersheds associated with the Hillborough River, Alafia River, and Tampa 
Bypass Canal.  Reproduced with permission of Tampa Bay Estuary Program from Figure 
2.1 of Poe, 2005 
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Next, the physical hydrology and ecological/nutrient qualities of the reservoir’s sources 
are briefly described.  The contracting firm PBS&J has written a detailed assessment of 
the Hillsborough and Alafia Rivers and the Tampa Bypass Canal as part of the Regional 
Reservoir’s FDEP requirement for a Hydrobiological Monitoring Program (PBS&J, 
2003; FDEP, 2001).  The 2003 (HBMP Year 3) Interpretive Report describes the Alafia 
River’s watershed (section 3.1.1), river channel (section 3.1.2), river flow (section 3.2.1), 
and withdrawals (3.2.2).  For more in-depth information regarding physical hydrology of 
these rivers, I refer the reader to those documents. 
The Alafia River 
The Alafia River is an important tributary of fresh water to Tampa Bay; it has a 
historic mean annual discharge of 1.12 x 1011 gallons, or about 307 mgd (Lewis and 
Estevez, 1988; McConnell, 2004).  The lower portion of the river is tidally influenced 
and experiences salinity-based stratification.   
Significant land uses in the Alafia watershed that potentially impact water quality 
include intensive agriculture, livestock and dairy farming, and phosphate mining 
activities (McConnell, 2004).   
 
Alafia River Water Quality 
The land-use (agriculture and phosphate mining) and geology (Hawthorne 
formation’s rich phosphate deposits) of the watershed give the Alafia an abundant supply 
of nitrogen and phosphorus.  When present in excess, these nutrients can significantly 
contribute to deterioration of water quality (i.e. eutrophication and algal blooms).  
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A more detailed description of the river’s water quality is described by the South 
West Florida Water Management District (SWFWMD) in their 2001 publication, “Alafia 
River Comprehensive Watershed Management Plan” and by PBS&J in Annual Data 
Reports 2001, 2002a, 2004, and the aforementioned baseline Interpretive Report (PBS&J, 
2003).  Table 7 summarizes water quality finding in the the PBS&J 2004 HBMP Data 
Report. 
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Table 7 - Summary of Water Quality for the Alafia River 
Surface Dissolved Oxygen 
 Range from 3.95 to ~13 mg/L 
 Smaller variability upstream 
 
“Relatively high surface dissolved oxygen levels were associated with the occurrences 
of high phytoplankton (chlorophyll-a) concentrations” (p.3-2) 
Bottom Dissolved Oxygen 
 Range from below 1 to over 12 mg/L 
 Seasonal decrease associated with stratification 
 Largest near-bottom DO associated with cooler months (when water is not stratified) 
Water Color 
 
High water color upstream associated with humic (and other) compounds (typical in 
Florida) 
 Water color increases with larger freshwater flow 
Total Suspended Solids (TSS) 
 Values range from 2 to 60 mg/L 
 TSS levels higher downstream (likely due to phytoplankton blooms) 
Chlorophyll-a 
 Values range from under 2 to over 240 mg/m
3 
 
Chl-a levels lower during high freshwater flow season (likely related to high water 
color) 
 Middle river exhibited largest variability in Chl-a 
 
“Algae blooms may correspond with very high surface dissolved oxygen 
concentrations discussed above” (p.3-3) 
Total Organic Carbon (TOC) and Dissolved Organic Carbon (DOC) 
 Concentrations of TOC and DOC spatially and seasonally similar 
 Highest levels associated with high river flow 
 DOC accounts for very high percent of TOC 
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The Tampa Bypass Canal  
Before channelization, the Tampa Bypass Canal was the site of the Palm 
River, which had a drainage area (watershed) between the Hillsborough Alafia 
River watersheds.  The river was channelized and deepened in the 1960s to 
control flooding in the City of Tampa (McConnell, 2004). 
   The confining layer of the underlying Floridan aquifer was breached 
during construction of the canal (McConnell, 2004).  This caused groundwater to 
flow from the artisan aquifer into the canal.  Today 20 – 40 million gallons of 
groundwater are discharged into the Tampa Bypass Canal daily (McConnell, 
2004).   
The Tampa Bypass Canal (TBC) contains three major pools: the upper, middle, 
and lower pools which are separated by control structures (Figure 3).   Control structure 
S-162, separating the middle and lower pools, was not originally specified as part of the 
Army Corps of Engineers flood control plan.  It was suggested by the Water Management 
District to prevent drainage of the aquifer and water table drawdown anticipated by the 
accidental break of the Floridan Aquifer (Motz, 1975; SWFWMD, 2005). 
Withdrawals for the Regional Surface Water Treatment Plant and/or the C.W. Bill 
Young Regional Reservoir are taken from the middle and/or lower pools of the TBC.   
The middle pool of the canal is connected to the Hillsborough River via the Harney 
Canal.  The City of Tampa is permitted to extract water from the Harney Canal (at 
control structure S-161 on the middle pool) to augment the Tampa Reservoir.  All of the 
permitted daily withdraws are determined according to flows (and/or water levels) 
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measured at the control structures in order to maintain Minimum Flow Levels (MFLs) 
(SWFWMD, 2004) (Table 8).   
Recent studies on water flow and availability in the Hillsborough River and TBC 
system include SDI Environmental (1997) and Parsons Engineering Science (1998) 
(SWFWMD, 1999). 
 
 
 
Figure 3 - Control Structures for the Tampa Bypass Canal.  Withdrawals for the C.E. Young 
Regional Reservoir are taken from the Middle Pool and Lower Pool.  Water Quality analysis is 
performed on the mixed water at sample station TBCPSEFF in the Pumping Station.  Image 
reproduced with permission from Tampa Bay Water. 
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Table 8 - Tampa Bypass Canal/Hillsborough River Withdrawal Schedule 
Tampa Bypass Canal 
Discharge at S-160 
Maximum Withdrawal Rate 
< 7 mgd  0 mgd, (no withdrawal) 
7 mgd to 81 mgd  
80% of total flow, flow at S-160 
not to be less than 7 mgd 
> 81 mgd  65 mgd (peak withdrawal rate) 
    
Hillsborough River 
Discharge at Tampa 
Dam 
Maximum Withdrawal Rate 
< 65 mgd  0 mgd (no withdrawal) 
65 mgd to 97 mgd 1 0% of total flow 
97 mgd to 139 mgd  
10% of total flow increasing 
proportionally to 30% 
139 mgd to 647 mgd  30% of total flow 
> 647 mgd  194 mgd (peak withdrawal rate) 
    
Alafia River Flows At 
Withdrawal Location 
Maximum Withdrawal Rate 
< 80 mgd  0 
80 to 250 mgd  10% of total flow 
> 520 mgd  52 mgd (peak withdrawal rate) 
 
Tampa Bypass Canal Water Quality 
The water quality of the TBC is (hyper)eutrophic (see Chapter 4 for the concept 
of eutrophy): hypoxia (low levels of oxygen) are “frequently noted at [EPCHC ambient 
water quality] stations in the Palm River particularly in bottom waters.  Minimum DO 
values of below 0.5 mg/L occurred at all depths at both Palm River stations” 
(SWFWMD, 2004, p.2-19).  Dissolved Oxygen (DO) at the surface “generally increased 
progressively downstream in the TBC/Palm River system… Total suspended solids 
(TSS) values in the Palm River/McKay Bay system were considerably greater than in the 
lower Hillsborough River.  Large phytoplankton densities in the Palm River/McKay Bay 
system contributed to this difference” (SWFWMD, 2004, p.2-20).    
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Water quality of the canal is described by PBS&J in Annual Data Reports 2001, 
2002a, 2004 and the aforementioned baseline Interpretive Report (PBS&J, 2003).  Table 
9 summarizes water quality data from the PBS&J 2004 HBMP Data Report. 
 
Table 9 - Summary of Water Quality in the Tampa Bypass Canal 
Surface Dissolved Oxygen (DO) 
 
DO levels were slightly higher in McKay Bay (downstream) than in the Palm River 
(below the lower pool).  Average levels were lowest upstream. 
Bottom Dissolved Oxygen 
 Lowest DO associated with stratification and deeper parts of the channel 
Total Phosphorus (TP) 
 
1999 Estimates for TP from the STORET database were 0.31 mg/l (SWFWMD, 1999, 
p.36) 
Total Nitrogen (TN) 
 
1999 Estimates for TP from the STORET database were 0.85 mg,/ (SWFWMD, 1999, 
p.36) 
Water Color 
 Values range from 10 PCU to 150 platinum-cobalt units (PCU) 
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The Hillsborough River 
 As explained above, withdraws for the C.W. Bill Young Regional Reservoir are 
taken from the Tampa Bypass Canal (TBC).  However, the Hillsborough River plays an 
important role on the TBC even when flood waters from the Hillsborough are not being 
diverted through it.  The Harney Canal pumping station is sometimes used to augment the 
Tampa Reservoir with TBC water and sometimes vice-versa.  Between 1985 and 2003, 
on days that these transfers occurred, they averaged 2.9 million gallons per day 
(SWFWMD, 2004).   The hydrology and quality of the Hillsborough River are described 
below. 
 The Hillsborough River’s historic mean annual discharge is 1.53 x 1011 gallons or 
about 419 million gallons per day (mgd) (Lewis and Estevez, 1988).  The river is the 
most important contributor of freshwater into Tampa Bay.  The Hillsborough River can 
be divided into three sections.  The upper river begins in the Green Swamp in Central 
Florida and ends at approximately the city limits for Tampa.  The middle river is between 
the city limits and the Tampa Dam.  The lower portion is approximately 17 kilometers 
between the Tampa Dam and Hillsborough Bay (SWFWMD, 1999).  The section most 
relevant to this study is the middle section and the Tampa Reservoir above the Tampa 
Dam. 
 
Tampa Reservoir 
Because water in the Tampa Reservoir is sometimes used to augment the Middle 
Pool of the Tampa Bypass canal, water quality in the Tampa Reservoir can significantly 
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impact the Regional Reservoir.  Water in the reservoir is stained dark brown from 
dissolved humic matter (DHM) (McConnell, 2004, p.3).  Typically, dark water would be 
expected to inhibit algal blooms through light limitation but the Tampa Reservoir has 
experienced recurring problems with blue-green algal blooms and associated taste and 
odor problems.  The reservoir is frequently treated with algaecide (Copper sulfate 
pentahydrate) to control these blooms.  Applications can be as frequent as daily in the 
summertime (Hohman, 1992).   
 
Conclusion 
This chapter has introduced the reservoir under study for this thesis and its source 
waters.  The geographic and geological locations and dimensions of the reservoir were 
addressed because they have impacts on the quality of water within the reservoir.  Some 
previous studies and qualitative descriptions of water quality and nutrient content for the 
source waters were given.  In the next chapter, the methodology used to generate 
quantitative measures of water quality and nutrients for this thesis will be presented. 
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CHAPTER FOUR: METHODS 
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Introduction 
This chapter discusses the methodology used for this thesis project.  First, the 
water sampling scheme is detailed.  Next, the relevant water quality parameters are 
named and field/laboratory techniques are recounted.  The methods used for storing water 
quality data, data management, and data acquisition are then explained.  This is followed 
by the methodology used for Exploratory Data Analysis (EDA) and data reduction.  
Finally, the BATHTUB model for the Water Year 2006 at the C.W. Bill Young Regional 
Reservoir is discussed. 
 
Water Sampling Scheme 
Water is sampled at the C.W. Young regional reservoir on a bi-monthly, weekly, 
or bi-weekly basis throughout the year.  Sampling is more frequent in the warmer 
months.  There are eight sample locations (Table 10 and Figure 5) and between one and 
four sample depths depending on the water quality parameter (Table 11).   All samples, 
with the exception of Secchi Depth are taken at 1 foot below water surface and at 1 foot 
above the reservoir floor. Dissolved oxygen, water temperature, pH, and turbidity are also 
sampled at 40 feet above and 20 feet the reservoir floor for stations 1-5.  These same 
parameters are samples at 15 and 30 feet above the floor at the shallower stations 6-8.  
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Table 10 - Sample locations 
 Long  Lat 
  State_Plane_x State_Plane_y 
(dd mm ss.ss) (dd mm ss.ss) 
Station 1 1263809.37 596928.62 27 48 37.35070 82 10 59.72095 
Station 2 1263796.42 598185.35 27 48 37.24084 82 10 45.72478 
Station 3 1261370.98 597355.2 27 48 13.21122 82 10 54.92992 
Station 4 1261343.84 598927.84 27 48 10.96522 82 10 37.41649 
Station 5 1260953.79 600963.43 27 48 09.13135 82 01 4.74203 
Station 6 1258794.4 597987.32 27 47 47.70624 82 10 47.84857 
Station 7 1258727.12 599960.49 27 47 47.06814 82 10 25.87561 
Station 8 1258902.11 601864.78 27 47 48.82718 82 10 4.67341 
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Figure 4 - Reservoir Sampling Locations.  Reproduced with permission from Figure4-1 of Tampa 
Bay Water's 2005 Regional Reservoir Management Plan. 
Location 6  
Approximate Depth 50' 
Sample Depths 
1' below surface level 
+30' from bottom 
+15' from bottom 
+1' from bottom 
Location 7  
Approximate Depth 50' 
Sample Depths 
1' below surface level 
+30' from bottom 
+15' from bottom 
+1' from bottom 
Location 8  
Approximate Depth 50' 
Sample Depths 
1' below surface level 
+30' from bottom 
+15' from bottom 
+1' from bottom 
Location 3  
Approximate Depth 57' 
Sample Depths 
1' below surface level 
+40' from bottom 
+20' from bottom 
+1' from bottom 
Location 5  
Approximate Depth 57' 
Sample Depths 
1' below surface level 
+40' from bottom 
+20' from bottom 
+1' from bottom 
Location 4  
Approximate Depth 57' 
Sample Depths 
1' below surface level 
+40' from bottom 
+20' from bottom 
+1' from bottom 
Location 1  
Approximate Depth 65’ 
Sample Depths 
1' below surface level 
+40' from bottom 
+20' from bottom 
+1' from bottom 
Location 2  
Approximate Depth 65' 
Sample Depths 
1' below surface level 
+40' from bottom 
+20' from bottom 
+1' from bottom 
Reservoir Water Body 
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Table 11 - Reservoir Water Quality Monitoring Parameters/Locations for Management Purposes. 
Reproduced with permission from Table 4-1 of Tampa Bay Water's 2005 Regional Reservoir 
Management Plan. 
 Depths Sampled 
Parameter 
One Foot Below Water 
Surface 
30-40 Feet Above 
Floor 
15-20 Feet Above 
Floor 
One Foot Above 
Floor 
Sample Depth (feet) X X X X 
Secchi Depth 
Transparency (feet) 
sample depth as 
measured 
   
Total Algal Counts  
(# cells/mL) 
Composite samples of 3 individual samples throughout Secchi depth +1 at 1.5 x Secchi Depth  
Dissolved Oxygen 
(mg/L) 
X X X X 
Temperature (°C) X X X X 
pH (SU) X X X X 
Turbidity (NTU) X X X X 
Odor (TON) X   X 
Dissolved Iron 
(mg/L) 
X   X 
Soluble Manganese 
(mg/L) 
X   X 
Total Suspended 
Solids (mg/L) 
X   X 
Total Organic 
Carbon (mg/L) 
X   X 
Total Kjeldhal 
Nitrogen (mg/L) 
X   X 
Nitrate (mg/L) X   X 
Nitrite (mg/L) X   X 
Fluoride (mg/L) X   X 
Total Phosphorous 
(mg/L) 
X   X 
Ortho-phosphorous 
(mg/L) 
X   X 
Chlorophyll-A 
(mg/m3) 
Composite samples of 3 individual samples throughout Secchi depth +1 at 1.5 x Secchi Depth 
MIB (ng/L) X   X 
Geosmin (ng/L) X   X 
Ammonia (mg/L) X   X 
Total Sulfide (mg/L) X   X 
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Water quality parameters used in this study 
Of the water quality (WQ) parameters listed in Table 11, this study uses Secchi 
Depth, Temperature, Turbidity, Total Kjeldhal Nitrogen (TKN), Nitrate, Nitrite, Total 
Phosphorous, and Chlorophyll a (ortho-phosphorus and ammonia data were not available 
at the time of writing).  The selection of this subset of parameters was based on data 
availability, the requirements of the BATHTUB eutrophication model, and on literature 
review of similar studies.  The selected parameters are believed to be the most important 
determinants and indicators of water quality.   
All of these samples are collected at the eight sample stations.  For the qualitative, 
time series analysis, the mean of the eight samples, plus and minus one standard 
deviation were plotted in an attempt to represent both the average reservoir and spatial 
variability.  However, these plots may still obscure some of the spatial sample variability.  
For example, the impacts of influent nutrients on locations closer to the water source are 
not addressed.   
For the regression analysis, only the mean values of the eight spatial samples were 
used.  This is important to note because some of the water quality variables are not 
spatially homogeneous throughout the reservoir.  For example, during algal blooms, 
Chlorophyll a has a strong bias towards one side of the reservoir, possible due to 
movement by wind.  This is a possible limitation to the methodology used and might be 
studied in more detail in future work. 
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Data Acquisition 
Contractors, hired by Veolia Water and Tampa Bay Water, conducted field 
measurements and water sampling at the reservoir for the period under study.  The field 
measurements include Secchi depth, dissolved oxygen, turbidity, and temperature.  The 
water samples were analyzed in a laboratory to determine TKN, Nitrate, Nitrite, Total 
Phosphorus, and Chlorophyll a..  Results from in situ measurements and laboratory 
analysis were entered into Tampa Bay Water’s Laboratory Information Management 
System (LIMS).   
Users outside of Tampa Bay Water found accessing data in the LIMS frustrating 
and non-intuitive.  In reaction, Tampa Bay Water has an ongoing project for improving 
accessibility.  This involves nightly replication of selected data in a separate database (the 
“Enterprise Database”) and enhancement of a graphical user interface (Sidearm) for 
access.   
Access to these data was limited to the Enterprise Database using Sidearm.  This 
is important to note because, at the time of writing, several water quality parameters that 
are available in the LIMS are not available in the Enterprise Database (i.e. the script that 
copies data on a nightly basis doesn’t include these parameters).  These data include odor, 
total suspended solids, MIB, ortho-phosphorous, and ammonia.  The last two, ortho-
phosphorus and ammonia are significant nutrients measured to assess eutrophication.  
As stated above, the Sidearm Decision Support System was used to query Veolia 
Water’s Enterprise Database.  This was done through a Remote Desktop session to 
Tampa Bay Water’s Extranet.  The results of queries were exported from Sidearm to a 
spreadsheet and/or to comma or tab delimited text file.  These files were then emailed or 
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transferred by FTP to an outside PC for analysis.   A tutorial (Dye, 2006) for data query 
and extraction using Sidearm is available, upon request, from this author. 
 
Exploratory Data Analysis, Data Reduction, and 
Visualization 
After obtaining the data, I used Exploratory Data Analysis (EDA) in order to 
(NIST/SEMATECH): 
1. maximize insight into a data set 
2. uncover underlying structure 
3. extract important variables 
4. detect outliers and anomalies 
5. test underlying assumptions 
6. develop parsimonious models 
7. determine optimal factor settings 
 
In EDA analysis, summary statistics were created in Microsoft Excel for each of 
the parameters under study.  Excel was also used for averaging and creating time-series 
analysis.  The distribution of data was explored through histograms and measured 
correlations between various parameters using the GNU R language and environment for 
statistical computing and graphics.  The data were also parsed, interpolated, and 
visualized data using ITT’s Interactive Data Language (IDL) and IDL Analyst extension.   
After EDA, preliminary understanding of the dataset was used to make decisions 
about data reduction and scientific visualization.  For scientific visualization and for use 
in the eutrophication model, it was first necessary to reduce the data.  The eight spatial 
locations, multiple depths, and time-series sampling regime yielded a 4 dimensional (4-
D) dataset.  When plotting change in a parameter in one dimension, for example in time, 
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it proved difficult to interpret all eight stations at the same time.  The plots also appeared 
cluttered and unattractive.  However, averaging all eight stations causes information 
about the variability between the spatial locations to be lost.  A compromise was found 
by plotting the average in a time series and the average plus and minus 1 standard 
deviation for each time-step.  In this way, time-series plots show the average mean 
changing (on the y-axis) in time (on the x-axis) and the variability between spatial 
stations changing (size of 1 standard deviation envelope) in time.   
Data reduction for regression of time series data consisted of spatial averaging.  
As noted earlier, there are limitations to this methodology.  Reduction of water quality 
data for input into the BATHTUB model used the average of all available data.  This 
methodology did not take into account the temporal bias inherent in the sampling scheme 
and thus warm weather, growing season samples had a stronger influence on the mean. 
 
Eutrophication Modeling 
One of the goals of this thesis was the implementation of an input-response model 
to assess the relationships between terms such as nutrient loading, sedimentation, 
turbidity, and algal response.  The use of the BATHTUB model was specified in a 
contract partially funding this work and the model was needed to answer the second 
research question involving the evaluation of trophic response to alternative loading 
scenarios. To ensure that the chosen model was appropriate for this case, several potential 
models were evaluated using published literature on eutrophication.  In a 1999 
publication, the US EPA evaluated several of eutrophication models in terms of 
complexity, cost, quality and availability of documentation, peer-review, proprietary 
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nature, reputation, and effort of implementation (US EPA, 1999(a)).  Thes criteria were 
used to evaluate the several competing models keeping in mind that the C.W. Young 
Regional Reservoir is new and there are no long-term historical data.  Models that 
required historical data for calibration were necessarily eliminated. 
The evaluated models were: BATHTUB, CE-QUAL-ICM, CE–QUAL–W2, 
EUTROMOD, PHOSMOD, and WASP5 (with the EUTRO 05 Submodel).  Of these, 
BATHTUB did prove appropriate for the C.W. Young Regional Reservoir for several 
reasons: 
1. The BATHTUB model has more than a decade-history of peer-review.  It was 
cited as a “valuable tool for evaluating reservoir impacts” (Ernst, 1994, p.16), 
as useful “particularly where data is limited” (US EPA, 1999(a), p.6-5) and 
(coupled with a watershed model) as “useful to provide lake and watershed 
managers the baseline water quality condition to develop sustainable 
management goals” (Wang, 2005, p.16).  
2. The BATHTUB model is useful “particularly where data are limited” (US 
EPA, 1999(a) citing Ernst, 1994).  BATHTUB uses a database of US Army 
Corps of Engineers (ACE) reservoirs to establish empirical relationships 
between nutrient loads and trophic response.  Because the empirical 
relationships have already been established, fewer historical data are required. 
 
The next-best choice for this project would be WASP5 but drawbacks include: 
1. WASP5’s ability to model stratification.  WASP5 “might be somewhat 
limited for lake applications by a lack of internal temperature simulation” (US 
EPA(a), 1999, p.6-5). 
2. The calibration time for WASP4 was estimated as “tak[ing] four times longer 
to calibrate than BATHTUB” (Ernst, 1994, p.15). 
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There is extensive literature regarding the use of the BATHUB model, especially 
for Total Maximum Daily Load (TMDL) analysis mandated by the federal government 
for impaired water bodies (Borah, 2006; Shelley, 2005).  Some of these studies were 
conducted in the southeast and in Florida (Gao, 2003; Shelley, 2005; Kennedy, 1995).  
There are inherent limitations to empirical models (Wells, 2002).  Generalizations are 
made regarding reservoir behavior. There are necessarily limitations to the temporal and 
spatial resolution of input data and when applied to a particular reservoir observations 
may significantly differ from predictions (Walker, 2004).  These differences reflect both 
data limitations and unique features of the particular reservoir not reflected in the model 
development dataset.  Some of the other limitations that are specific to the BATHTUB 
model are discussed in Walker’s documentation (Walker, 2004). 
 
 
Model Setup 
BATHTUB requires information about reservoir morphology, water flux 
from sources, water flux from the reservoir, nutrient loads from sources 
(including total nitrogen, total phosphorus, chlorophyll a, transparency, organic 
nitrogen, and organic phosphorus (Wang, 2005)) and monitored water quality in 
the reservoir. Reservoir morphology data were readily available from literature on 
reservoir engineering and construction.  Units were converted from American 
measurement (e.g. acres) metric and entered into the model.  It was not necessary 
to segment the reservoir because of its generally circular shape (Figure 4). 
 66 
Determining water flux from sources was somewhat problematic.  Daily 
average data were available at the pump-stations where withdraws were taken and 
daily average reservoir influent data were also available.  However, it was not 
possible to determine exactly what percentage of influent came from each source.  
This is because all raw water is first pumped to the Regional Water Treatment 
Plant (RWTP).  They are also a user of water from these three sources and use, on 
average, the first sixty-six million gallons from the three sources.  Because I only 
had daily average data, I could not determine what percentage of each source was 
used by the RWTP or what percentage was sent to the reservoir.  To approximate, 
I used the total annual flow from each source to determine relative percentage 
contribution. 
Nutrient loads from the three sources were estimated from historical in-
water observations.  The period of record for these in-water observations was 
generally November of 1999 to October of 2004.  When filling of the reservoir 
began in March of 2005, the water quality monitoring and sampling scheme 
changed.  Samples were then taken at the Pump Stations (TBCPSEFF and 
ALAPSEFF) (Personal Communication with John Troutt of Tampa Bay Water, 
May 22, 2006).  However, at the time of writing, I did not have access to data 
from the TBCPSEFF site nor a method of distinguishing water from the Lower 
Pool or Middle Pool.  For this reason, I used the in-water samples for the time 
period between 1999 and 2004 for estimates of nutrient loading. 
These historical nutrient load data were acquired from the Enterprise 
Database using Sidearm and averaged for the period of record.  Ideally, these 
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averages would be weighted according to flow during the time-period under 
investigation.  That is, nutrient data in the warmer, high flow months when more 
water is diverted to the reservoir are more relevant and should be weighted more 
in the averaging process.  However, because of the aforementioned limitations in 
data availability, I decided an average of all available data was appropriate.  In the 
section on Future Work in the following chapter (Results and Discussion) I detail 
an improved methodology should additional data become available. 
 
Water Quality Data in the Reservoir  
For the most part, the required water quality data in the reservoir were 
available in the Enterprise Database.  The exceptions to this were ortho-
phosphorus and ammonia.  Because of the lack of in-water data, I used measures 
of these that were sampled at the reservoir influent/effluent pipe.  However, there 
were only two observations of ortho-phosphorus (and only one of these on an 
influent day) and one observation of Ammonia (which was zero) for Water Year 
2006. 
All available, in-water data were averaged spatially (for all eight stations) and 
temporally (Water Year 2006) to estimate a single value (mean) and coefficient of 
variation (CV).  The coefficient of variation is computed as the Standard Error / Mean 
(Walker, 2004, BATHTUB Manual Pages, “Edit Tributaries”).  Data were not weighted 
according to the temporal sampling scheme.  That is, the more frequent measures in the 
summer months were not given a lower weight in the average.  This undoubtedly biased 
the annual average towards warmer months. 
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Setup and running of the BATHTUB model 
Reservoir scenario selection 
There are three potential scenarios of data availability for using the BATHTUB 
model (Table 12).  For this study, an existing reservoir with available data on 
input nutrients and pool water quality data, Scenario A was appropriate. 
Table 12 - Three scenarios for the BATHTUB model based on data availability. 
    Data Availability 
Water/Nutrient Pool Water 
Scenario Reservoir  
 Balance Data Quality Data 
A Existing Yes Yes 
B Existing No Yes 
C 
Existing or 
Proposed 
Yes No 
 
For scenario A, there are 11 steps in the setup and running of the BATHTUB model:  
1. Reduction of watershed data used in modeling 
2. Reduction of reservoir morphometric and water quality data 
3. An input data file is created using the Edit screens.  The input file is listed and 
checked for data-entry errors and completeness 
4. Water balances are checked and adjusted using the List Balances Overall 
procedure 
5. Nutrient turnover ratios are checked using List Balances Overall procedure 
6. Checking and possible calibration of diffusive transport terms using the List 
Hydraulics procedure 
7. Selecting, testing, and possibly calibrating nutrient sedimentation models using 
List and/or Plot procedures 
8. Eutrophication responses (as measured by chlorophyll a, transparency, and 
hypolimnetic oxygen depletion rate) are developed  
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9. Testing of the model based upon an independent data set derived from a different 
monitoring period.  
10. Application of the model for diagnostic purposes using the List Predicted + 
Observed procedure.  Observed and predicted variables are listed and ranked 
against the model development data set.  Diagnostic variables reflect the relative 
importance of phosphorus, nitrogen, and light as factors controlling algal 
productivity.  Results are reviewed to ensure that controlling factors are consistent 
with the chlorophyll a and transparency submodels employed. 
11. The model is applied to predict the impacts of alternative loading scenarios or 
management strategies. 
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CHAPTER FIVE: RESULTS AND DISCUSSION 
 71 
Introduction 
The results and discussion of their importance are organized in this chapter as 
follows.  First, estimates of water flux from the reservoir’s three sources are shown.  
These results also include the relative percentage of water in the reservoir from each 
source.  Next, estimates of water quality for the sources are shown and discussed along 
with the averaged values.  This is followed by observations of water quality within the 
reservoir.  Summary statistics and time series visualizations for these data are shown.  
The first research question and hypotheses posed in this thesis are then addressed using 
the data presented.  The final section discusses the setup, calibration, and results of the 
BATHTUB model to test effects of alternative nutrient loading scenarios. 
 
Estimating Water Quantity from the Three Sources 
The influx of water to the reservoir from the three sources (Lower and Middle 
Pools of the Tampa Bypass canal and the Alafia River) for the 2006 water year (Oct 1, 
2005 – September 30, 2006) was measured using Supervisory Control And Data 
Acquisition (SCADA) Device number 3637.  It was estimated to be 7.67 billion gallons. 
Total withdraw from the three rivers for this time period was also available (Table 13).  
However, reliable estimates of reservoir influx from each of the three sources were not 
available.  To estimate this,  the relative withdraws from the three sources (42%, 42%, 
and 29%) were multiplied by the total influx.  This yielded relative contributions of  2.2 
Bgal, 2.2 Bgal, and 3.2 Bgal (8.42 hm3, 8.42 hm3, 12.2 hm3)  (Table 9 and Figure 6) (See 
also Figures 1 and 2 in Appendix A).
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Water Quality of the Sources 
The source water quality parameters under study for this reservoir are Total 
Phosphorus, Ortho-Phosphorus, Total Nitrogen, and Inorganic Nitrogen.  The estimation 
of each of these water quality parameters follows. 
Most water quality measurements were sampled in the water bodies of each of the 
three sources from 1999-2004.  When filling of the reservoir began in March of 2005, the 
water quality monitoring and sampling scheme changed.  Samples were then taken at the 
Pump Stations (TBCPSEFF and ALAPSEFF) (Personal Communication with John Trout 
of Tampa Bay Water).  However, at the time of writing, access to data from the 
TBCPSEFF site was limited and there was not a method of distinguishing water from the 
Lower Pool or Middle Pool.  For this reason, the in-water samples for the time period 
between 1999 and 2004 were used for estimates of nutrient loading. 
 
Total Phosphorus 
Summary statistics for Total Phosphorus (TP) are shown in Table 11.  The larger 
concentration of TP in the Alafia reflects the land use and geology of the Alafia’s 
watershed.  There are rich phosphate deposits and associated mining activity.  There is 
little difference in TP concentration between the Lower and Middle Pools of the Tampa 
Bypass Canal.  Also included are estimates of TP from the HDR Engineering Report 
(HDR, 2001). 
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Table 11 - Total Phosphorus for the three sources from historical data. 
Total Phosphorus Alafia Lower Pool Middle Pool 
n-Samples 37 34 25 
Date Begin 15-Nov-99 9-Aug-99 27-Aug-01 
Date End 15-Oct-04 25-Aug-04 2-Aug-04 
Max (mg/L) 4.1 0.65 0.46 
Min (mg/L) 0.22 0.03 0.04 
Mean (mg/L) 1.42 0.18 0.18 
Standard Deviation 0.76 0.11 0.10 
Coefficient of 
Variation 0.54 0.62 0.58 
HDR Mean (mg/L) 2.35 0.21 0.32 
 
Ortho-Phosphorus 
There were not adequate samples for Ortho-Phosphorus (Ortho-P) for any of the 
three sources.  Because of the small sample size for Ortho-P and a possible coding error 
(one of the 2 samples from the Alafia for Ortho-P was “5” and the value was recoded to 
“0.5”).  Because of the scarcity of data, a decision was to not to use the in-water samples.  
Instead, the HDR reported means for Otho-P (HDR, 2001, Table 3) were used.  The HDR 
report did not contain the coefficient of variation (CV) or standard deviation for Ortho P, 
so CV values of zero were entered in the BATHTUB model.  Zero data values are 
assumed to be missing data by the BATHTUB model (Walker, 2004, Application 
Scenarios).  This was confirmed by checking that the Ortho P Avail. Factor was also set 
to zero in the model. 
Table 12 - Summary statistics for Ortho-P and the HDR reported means for Ortho-P 
Ortho-Phosphorus Alafia Lower Pool Middle Pool 
n-Samples 2 3 5 
Date Begin 17-Jun-03 23-Dec-03 17-Apr-03 
Date End 8-Sep-03 25-Aug-04 27-Sep-04 
Max (mg/L) 0.59 7.80 9.50 
Min (mg/L) 0.5 0.00 0.00 
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Mean (mg/L) 0.545 0.18 6.76 
Standard Deviation 0.06 4.49 3.94 
Coefficient of 
Variation 0.12 25.30 0.58 
HDR Mean (mg/L) 1.49 0.13 0.22 
 
Total Nitrogen  
Total Nitrogen is the sum of Total Kjeldahl Nitrogen, Nitrate, and Nitrite.  In 
water samples from each of the sources for each of these parameters were available. 
Appendix A, Tables 1-3 show summary statistics for the constituents and Table 13 below 
shows their sum (TN) and associated CV. 
Table 13 - Estmates of TN (and assoicated CV) as sum of TKN, Nitrate, and Nitrite for the three 
sources. 
TN Alafia Lower Pool Middle Pool 
TKN + Nitrate + Nitrite (all in mg/L) 1.83 1.12 1.02 
CV 0.83 1.10 1.37 
 
Inorganic Nitrogen 
Inorganic Nitrogen is the sum of Ammonia, Nitrate, and Nitrite.  Historical data 
for Nitrate and Nitrite were available (See Appendix A, Tables 2 and 3 for summary 
statistics).  The sparse data for Ammonia indicated a value of zero.   
Table 14 - Estmates of Inorganic Nitrogen (and assoicated CV) as sum of Ammonia, Nitrate, and 
Nitrite for the three sources.  Note: Ammonia was assumed to be zero. 
Inorganic N Alafia Lower Pool Middle Pool 
Nitrate + Nitrite + Ammonia (all in mg/L) 1.01 0.23 0.22 
CV 0.89 1.53 1.75 
 
Observed Water Quality in the Reservoir 
The parameters of interest in the reservoir water body are:  Temperature, Non-
Algal turbidity, Total Phosphorus, Total Nitrogen, Chlorophyll a, Secchi Depth, Organic 
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Nitrogen, and Total Phosphorus – Ortho Phosphorus.  Summary statistics follow for each 
of these. 
 
Temperature 
Figure 7 shows a time series of average temperature in the reservoir for four 
depths: 1 foot below the surface (1BWL), 40 feet above the floor (40AFL), 30 feet above 
the floor (30AFL), and 1 foot above the floor (1AFL).  In the beginning of water year 
2006 beginning on September 1st 2005, temperatures at all depths were equal.  As the 
water body cooled through the fall of 2005 the reservoir remained thermally 
homogeneous.  Surface temperatures began to rise in February of 2006.  Temperature 
near the floor of the reservoir rose more slowly, leading to thermal stratification.  
Thermal stratification continued throughout the spring until the hypolimnon temperature 
rose to the same level as the surface temperature.  The “spring turnover” event, where the 
difference in average temperatures is less than one degree centigrade throughout the 
depth profile, appears to have occurred in June 2006.  Figure 8 shows that this event 
occurred on 6/15/2006.   
However, this event was triggered by the epilimnon (1BWL) cooling rather than 
the hypolimnon (1AFL) warming.  As epilimnon temperatures rose after this event, the 
reservoir re-stratified.  In mid-July, the temperature at 1AFL warmed to the same level as 
1BWL.  Thus, at the close of WY2006, conditions were the same as at the beginning. 
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Figure 7 - Time series average temperature in the reservoir 
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Figure 8 - Average difference in temperature between stations 1' below the water surface and 1' 
above the floor. 
 
Total Phosphorus 
The reservoir is sampled at 1’ below water surface and 1’ above the floor for all 8 
sample stations for Total Phosphorus (TP).  For the yearly average estimate of TP, the 
values 1’ below the water level (1BWL) were used.  Summary statistics and a time series 
plots of TP measurements 1’ above the floor level are found in Appendix A. 
Figure 10 shows a time series plot of the average TP of all eight stations at 1BWL 
(Figure 10, dark solid line).  The dashed lines above and below the solid line indicate the 
average plus and minus 1 standard deviation.  It is evident that there is little change in the 
average value of TP through Water Year 2006 but the variability between stations 
increased in the warmer season of 2006.  Overplotted on this time series are point 
measurements of TP as water flowed into the reservoir (triangles) or out (circles).  The 
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majority of influent measurements are well outside and above the mean + 1 standard 
deviation.  The effluent values are typically within 1 standard deviation of the sample 
stations.  This indicates that there is a loss of TP within the reservoir likely due to 
sedimentation.      
The source waters for the reservoir have exceptionally high P values (especially 
the Alafia) and the reservoir itself overlies a former phosphate mine.  As a result the 
observed average Total P value for the year is also high (0.51 mg/L with a CV of 0.13) 
(Appendix A, Table 4).  In fact, the observed total phosphorus value is outside of the 
range (max 0.274 mg/L) of the Army Corps of Engineers database used in the 
BATHTUB model (Table 15).   
 
Table 15 – summary Statistics for Total P observations in the BATHTUB database. 
Variable Description 
Geom. 
Mean 
CV Min Max 
TOTAL P    
mg/M3 
47.9 0.9 9.9 274 
TOTAL P    
mg/L 
Growing-season, mixed 
layer total phosphorus 
concentration 0.0479 0.9 0.0099 0.274 
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Total, Organic, and Inorganic Nitrogen  
Total Nitrogen is the sum of Total Kjeldahl Nitrogen (TKN), Nitrate, and Nitrite.  
Organic Nitrogen is TKN minus Ammonia (assumed zero).  Inorganic Nitrogen is the 
sum of Nitrate and Nitrite.  Table 16 shows summary statistics for the annual average of 
all eight stations for nitrogen.   Table 17 shows summary statistics for Total Nitrogen in 
the BATHTUB reservoir database.  The observed average TN in the Young Regional 
Reservoir is within the range of observations in the BATHTUB database. 
Table 13 - Calculation of TN, Inorganic N, and Organnic N 
  TKN Nitrite Nitrate Ammonia TN Inorg N 
Mean 0.711 0.019 0.091 0.000 0.821 0.110 
Std. 
Dev. 
0.185 0.091 0.084 0.000 0.120 0.087 
C.V. 0.260 4.878 0.918 0.000 0.146 0.794 
 
 
Table 17 – Summary Statistics for Total Nitrogen in the BATHTUB reservoir database. 
Variable Description 
Geom. 
Mean 
CV Min Max 
TOTAL N    
MG/M3 
1002 0.64 243 4306 
Total N 
(mg/L) 
Growing-season, mixed layer 
total nitrogen concentration 
 
Measure of nutrient supply 
under N-limited conditions 
  1.002 0.64 0.243 4.306 
 
On the following pages, summary statistics for 1 foot below water level (1BWL)  
at all 8 stations and time series plots will be shown for each of the constituents (for 1 foot 
above the floor level (1AFL) see Appendix A). 
 
Total Kjeldahl Nitrogen (TKN), Nitrate, and Nitrite 
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For TKN, the reservoir is sampled at 1’ below water surface and 1’ above the 
floor for all 8 sample stations.  For the yearly average estimate of TKN, the average value 
(0.79 mg/L) and associated coefficient of variation (0.69) of all 8 sample stations at 1’ 
below the water level (1BWL) was used for the BATHTUB model (shown in bold in 
Table 18).  Summary statistics and a time series plots of TKN measurements at 1’ above 
the floor level (1AFL) are found in Appendix A, Table 6 and Figure 4. 
Figure 11 is a time series plot of the average TKN at all eight stations at 1BWL 
(symbolized with a dark solid line).  The dashed lines above and below the solid line 
indicate the average plus and minus 1 standard deviation.  Average values of TKN and 
the variability of TKN between the 8 sample stations increase in the warm season of 
Water Year 2006.  Two significant increases are seen in January and March of 2006. 
Overplotted on this time series figure are point measurements of TKN as water flowed 
into the reservoir (triangles) or out (circles).  Influent measurements are mostly within or 
near the mean +/- 1 standard deviation.  The effluent values are typically near the low end 
of the 1 standard deviation envelope. 
Figure 12 shows a time series of Total Nitrogen and its components, TKN, nitrate, 
and nitrite (ammonia is assumed 0).  In the beginning of WY2006, TN had a significant 
nitrate component but this dropped to near zero in March 2006.   
Figure 13 shows a time series of nitrate for WY2006 with influent and effluent 
values of nitrate overplotted.  Again, influent values are typically larger than in-pool 
observations and effluent values indicating nitrate loss or conversion.  A time series 
figure for nitrite can be found in Appendix A. 
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Chlorophyll a, Secchi Depth, and Trophic State Indices 
Summary statistics for Chlorophyll a and Secchi Depth are shown in Tables 28 
and 29.  A time series of average Chlorophyll a values is shown in Figure 14.  A 
significant spike in Chlorophyll a is seen in the data on April 4th, 2006.  There was 
significant algal bloom at this time and reservoir managers applied algaecide to the 
reservoir for three days. 
The first research question for this thesis asked how water quality has changed 
throughout Water Year 2006 (WY2006) using Trophic State Index (TSI) as an indicator.  
Figure 19 uses four panels to compare temperature (at four depths), Chlorophyll a, Secchi 
Depth, and Trophic State Index (as a function of Chlorphyll a and Secchi Depth).  All 
four panels are scaled on the same x-axis so that relationships between these variables 
can be investigated. 
TSI (bottom panel) is generally lower in the beginning of WY2006 and increases 
along with water temperature.  Short-term temporal variability in TSI increases in the 
warmer part of WY2006.  This may be due to variability in algal mass (summer blooms) 
and associated changes in Secchi depth.  There is a strong relationship between 
Chlorophyll and Secchi depth because Chlorophyll contributes to water turbidity.  As a 
result, Secchi Depth and Chlorophyll a are inversely related, that is increases in 
chlorophyll cause decreases in Secchi depth.  This is evident in the middle two panels of 
Figure 19; spikes in chlorophyll cause drops in Secchi depth.  In the bottom panel, Secchi 
depth has been rescaled into the TSI so decreases in SD result in increases in TSI(SD).  
Thus TSI(SD) and TSI(CHLs) are positively correlated.  In December of 2005, 
 94 
Chlorophyll a decreases and SD does not change.  This may indicate the limit of 
Chlorophyll a’s contribution to SD.   
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Figure 15 - Comparison of temperature and TSI 
 
Water Year 2006
Time-Series of Average Temperature  
17
19
21
23
25
27
29
31
Sep-05 Nov-05 Jan-06 Mar-06 May-06 Jul-06 Sep-06 Nov-06
Time
T
e
m
p
e
r
a
tu
r
e
 (
c
e
ls
iu
s)
Avg_40AFL
Avg_1AFL
Avg_1BWL
Avg_30AFL
Water Year 2006
Average Secchi Depth (feet) for all 8 stations 
2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00
Sep-05 Nov-05 Jan-06 Mar-06 May-06 Jul-06 Sep-06 Nov-06
Time
S
ec
c
h
i 
D
e
p
th
 (
fe
e
t)
Secchi Depth (feet)
Avg + 1 Std Dev
Avg - 1 Std Dev
Water Year 2006
Average Total Chlorophyll a  (Chl a) (mg/m^3) 
0.00
5.00
10.00
15.00
20.00
25.00
30.00
Sep-05 Nov-05 Jan-06 Mar-06 May-06 Jul-06 Sep-06 Nov-06
Time
m
g
/m
^
3
Avg Chl a
Avg + 1 Std Dev
Avg - 1 Std Dev
Effluent
Influent
Water Year 2006
Trophic State Indices
30.00
35.00
40.00
45.00
50.00
55.00
60.00
65.00
70.00
75.00
80.00
Sep-05 Nov-05 Jan-06 Mar-06 May-06 Jul-06 Sep-06 Nov-06
Time
T
ro
p
h
ic
 S
ta
te
 I
n
d
ex
TSI(SD)
TSI(TP)
TSI(Chl a)
 96 
 
Hypothesis 1a, stated that there would be a significant positive relationship 
between surface water temperature (1BWL), and Trophic State Index.  This hypothesis 
was tested using inferential statistics.  First, the empirical variables were examined for 
normality and decisions were made on data transformation.  Next, a correlation matrix 
was created between variables.  Lastly, linear regression was used to measure the 
predictive power of the correlated variables: temperature at 1 foot below water level and 
difference in surface/bottom temperature. 
Table 23 shows the summary statistics for the empirical variables under study.  
The difference between the mean, median, and mode indicate deviation from the normal 
Gaussian distribution or skewness.  Non-normal distribution and the effects of 
transformation were further explored through 12 histogram data visualizations for select 
parameters (Appendix B, Figures 1a – 1l).  For the Trophic State variables (Secchi Depth, 
Chlorophyll a, and Total Phosphorus) the logarithmic transformation is also accompanied 
by the rescaling factors into the Trophic State Index.  These results indicate that the 
natural log distribution effectively normalizes both Chlorophyll a and difference in water 
temperature. 
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Table 25 (on the following page) shows the correlation matrix between water 
quality parameters and also the natural log transformation of these parameters.  A subset 
of this table for the Trophic State Index of Chlorophyll a, the main variable under study, 
is reproduced below.  There were 73 input points for each of the variables in the 
correlation matrix (N=73).  The associated t-statistics for 5% and 1% confidence are 0.23 
and 0.30 respectively. The results indicate that there is significant (less than 1% chance of 
random correlation) positive correlation between Trophic State Index using Chlorophyll a 
and Temperature measured at 1’ Below Water Level (1BWL) and T_diff, the variables 
used to test hypotheses 1a and 1b respectively.  Those hypothesis tests are addressed in 
the next three pages.  The influence of the other significant parameters will be addressed 
afterwards using multiple regression. 
 
Table 24 - Subset of correlation matrix for 
predicting Chl a.  Bold values are significant at 
the 95% level 
  TSI.CHLa. 
T_diff+ 0.378 
ln_Tdiff. 0.476 
T_1AFL 0.217 
log_T1AFL 0.213 
log_T1BWL 0.446 
Mean_CHLa 0.828 
Mean_SD -0.652 
Mean_TP -0.424 
TSI.SD. 0.626 
TSI.TP. -0.404 
T_1BWL 0.443 
N=73; 5% confidence=0.23; 1% 
confidence=0.30 
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Error! Reference source not found. shows temperature on the x-axis plotted against 
average TSI on the y-axis with a least squares linear estimate of correlation.  The Pearson 
product-moment correlation coefficient (r) is 0.480 and the associated coefficient of 
determination (R2) is 0.2789.   
 
 
Figure 16 - Correlation between TSI(Chl a) and Temperature at 1BWL 
 101 
 
Hypothesis 1b, stated that there would be a positive relationship between the 
difference in temperature at 1’ Below Water Surface (1BWL) and at 1’ above Floor 
(1AFL) (T_diff).  This difference in temperature should be a reasonable proxy for the 
degree of stratification in the reservoir and.  It is expected that increased trophic state 
during stratification (i.e. algal blooms resulting in increase Chl a and decreased Secchi 
Depth).  However, there was weaker correlation between these two variables.  Only .84% 
of the variability in TSI(CHL) was correlated with the difference in temperature. 
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Multiple Regression for Select Terms 
 
Hierarchical multiple regression was used to find a model that best predicts 
variability in TSI(CHL).  First, each independent variable’s correlation with TSI(CHL) 
was assessed (Table 26).  Next, model terms were iteratively added to multiple regression 
model ordered by the highest partial correlation first.   After each addition, F-tests were 
used to assess the significance of each added variable(s) with respect to the difference in 
R2. Dummy variables were used for Secchi Depth (Secchi Depth dummy = 0 when 
TSI(CHL) is less than 50) and Water Temperature (Dummy = 0 when Difference in 
Temperature is less than 1 degree Celsius). 
The final model includes, the Day of Year (DOY), Secchi Depth (Mean_SD), 
Temperature at 1’ below the water surface, (Temp_1AFL), Temperature at 1’ above the 
floor (Temp_1AFL), Total Nitrogen (TN), TSI(Secchi Depth), TSI(Total Phosphorus), 
and dummy variables for stratification and low Chlorophyll a.  The model predicts 
54.45% of the variability in TSI(CHL). 
  
Table 26 - Independent variable's correlation with TSI(CHL) 
  R2 p-value F-stat 
DOY 0.2768 2.07E-06 26.8 
T_1BWL 0.2306 1.97E-05 20.98 
Log(T_1BWL) 0.234 1.67E-05 21.39 
T_1AFL 0.05863 0.04044 4.36 
T_diff 0.1694 0.000328 14.28 
SD 0.4294 4.21E-10 52.69 
TSI(SD) 0.3994 2.62E-09 46.56 
TSI(TP) 0.1898 0.000131 0.1898 
TN 0.05863 0.04044 4.36 
TSI(TN) 0.04383 0.07758 3.208 
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Table 27 -The final model 
  Estimate Std. Error t value Pr(>|t|) 
(Intercept) 215.9014 152.3844 1.417 0.1615 
dum_LowSD 0.58824 4.34272 0.135 0.8927 
dumStratified 1.33717 2.52151 0.53 0.5978 
DOY 0.01799 0.01426 1.262 0.2117 
Mean_SD -8.4436 5.41478 -1.559 0.124 
Temp_1BWL 0.82945 0.7588 1.093 0.2786 
Temp_1AFL -0.66697 0.7133 -0.935 0.3534 
TN 17.09244 8.93407 1.913 0.0603 
TSI.SD. -2.06451 1.70512 -1.211 0.2306 
TSI.TP. -0.27664 0.92914 -0.298 0.7669 
Residual standard error: 6.738 on 62 degrees of freedom 
Multiple R-Squared: 0.5445,  Adjusted R-squared: 0.4784 
F-statistic: 8.234 on 9 and 62 DF,  p-value: 6.166e-08  
     
Residuals:     
    Min      1Q  Median      3Q     Max   
-20.645  -3.201   1.135   4.206  13.102   
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BATHTUB eutrophication model results 
 The second research question in this thesis involved assessing the impacts of 
varied nutrient loading scenarios.  In this section, the setup, calibration, and results from 
the BATHTUB model are discussed. The model setup used in the development of the 
BATHTUB model yielded an input file (*.btb) for the model.  Plain-text and Excel 
workbook versions of this input file for the Base Case are given in Appendix B. 
 
Source Water Quality, Morphometry, and Observed Water Quality 
The reduced source water quality parameters are shown in Table 35 as entered 
into the BATHTUB model.  The acquisition averaging of these data were discussed in the 
beginning of this chapter under the section title, “Water Quality of the Sources”.  
Reservoir morphometry data are listed in Table 37 as entered into the model.
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The reduced water quality data observed in WY2006 and associated coefficients 
of variation are shown in Table 38.  These data are direct averages for all data available 
in Water Year 2006 and presented previously in the time-series analysis.  These averages 
are likely biased by the more frequent sampling scheme in the warmer part of the year.  It 
is also possible to run the BATHTUB model in a partial year or seasonal mode (e.g. 
growing season), which would require a re-estimate of these averages using the original 
data for Water Year 2006.  Hypo/metalimnetic oxygen depletion (HOD and MOD) were 
not calculated or used in this study. 
Table 16 - Reduced water quality data for WY2006 
Observed Water Quality 
  Mean CV 
Total P (ppb) 510 0.11 
Total N (ppb) 880 0.12 
Chl-a (ppb) 11.72 0.93 
Secchi (m) 1.52 0.31 
Organic N (ppb) 710 0.28 
TP - Ortho P (ppb) 40 0.11 
HOD (ppb/day) 0 0 
MOD  (ppb/day) 0 0 
 
Comparison with Model Development Dataset 
 Once these reduced averages were been created, they were compared with the 
“Statistical Distributions in the Corps of Engineers Reservoir Model Development 
Dataset” (Walker, 2004).  A portion of this dataset is reproduced in Table 39.  The 
complete table is shown in Appendix A, Table 10.  Plots comparing the observed values 
and model development dataset can be found in the Appendix.  The comparison showed 
that observed total phosphorus was outside of the range of the model development 
dataset.  This prompted model calibration for this variable and an opportunity to examine 
the effectiveness of the model in this unusual phosphorus-rich water environment. 
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Input Files 
The steps performed above yielded an input file (*.btb) for the BATHTUB model.  
Plain-text and Excel workbook versions of this input file for the Base Case are given in 
Appendix B. 
 
Water Balances 
Water balances were checked using the List Balances Overall procedure.  Table 
40 shows the output of this procedure.  12.2% hm3 of water were supplied to the 
reservoir from the Lower Pool of the Tampa Bypass Canal.  8.4 hm3 were supplied from 
both the Alafia and the Middle Pool.  Table 41 shows the water balance for Total 
Phosphorus 75.7% of the TP load in the reservoir is attributed to the Alafia, 9.6%  and 
13.9% are attributed to the Middle and Lower Pools respectively.  37% of the TN load is 
attributed to the Alafia.    Table 37 shows the water balance form Total Nitrogen: 37%, 
20.6%, 32.8% of the Total Nitrogen loads are attributed to the Alafia, Middle Pool, and 
Lower Pool respectively. 
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Turnover Ratio 
Documentation for the BATHTUB model indicates that for turnover ratios over 
2.0, seasonal averaging is appropriate.  Otherwise, annual averaging may be used 
(Walker, 2004).  The turnover ratio for total nitrogen was 1.6 (Table 41 on page 111, in 
bold text) and total phosphorus 4.4 (Table 42 on page 112, in bold text).  Because of a 
lack of confidence in modeled sedimentation results for TP, which Turnover Ratio is 
depended on.  Thus, nitrogen turnover ratio was used to make the decision about seasonal 
or annual averaging and annual averaging was determined to be adequate.  In future 
work, comparison of seasonal and annual averaging and further exploration of the impact 
of turnover ratio would be advised. 
 
Checking and possible calibration of diffusive transport terms 
According to the model documentation, if numeric dispersion exceeds estimated 
dispersion, increasing reservoir segmentation is required.  Table 43 shows that estimated 
dispersion was less than numeric dispersion.  Thus, a single segment for this reservoir is 
adequate.  
 
Selecting, testing, and possibly calibrating nutrient sedimentation models  
Other diagnostics that were used to evaluate the applicability of the model were 
comparisons of the predicted versus observed values ranked against the Model 
Development Dataset, and T-Tests for statistical comparison of the observed and 
predicted concentrations of water quality values.  Significant difference were found 
between predicted (64.9) and observed (510.0) total phosphorus.   
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According to the BATHTUB documentation, the generalized empirical models 
implemented in BATHTUB may not reflect unique conditions in a reservoir.  It seems 
likely that the high phosphorus values in this case are not due to data limitations but due 
to the unique and phosphorus rich geology of west-central Florida.  Thus, a decision was 
made that model calibration for these unique conditions was required.  This calibration 
causes the model to match predicted reservoir conditions (for Total P) to observed 
reservoir conditions (for Total P).  The calibration changed the global calibration factor 
for Total P from 1 to 7.86. 
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Similar (and likely related) problems were found when testing the observed and predicted 
values for Total P – Ortho P.  However, because of the low number of observations for 
Ortho P, there was a lack of confidence in data and a decision was made not to calibrate 
the model for this term.  Instead, the calibration coefficient for Total P – Ortho P was set 
to 0, indicating that Ortho P data were not available. 
 
Selection of eutrophication responses  
The model options that selected as appropriate for this reservoir are listed in Table 46.  
Appendix C shows equations for each of these model selections. 
  
Table 24 - Model options selected 
Model Options Code Description 
Conservative 
Substance 
0 NOT COMPUTED 
Phosphorus Balance 1 2ND ORDER, AVAIL P 
Nitrogen Balance 1 2ND ORDER, AVAIL N 
Chlorophyll-a 1 P, N, LIGHT, T 
Secchi Depth 1 VS. CHLA & TURBIDITY 
Dispersion 1 FISCHER-NUMERIC 
Phosphorus 
Calibration 
2 CONCENTRATIONS 
Nitrogen Calibration 2 CONCENTRATIONS 
Error Analysis 1 MODEL & DATA 
Availability Factors 0 IGNORE 
Mass-Balance Tables 1 
USE ESTIMATED 
CONCS 
Output Destination 2 EXCEL WORKSHEET 
 
 
Model Validation 
The next step would normally be validation of the model by testing the model on 
an “independent data set derived from a different monitoring period” (Walker, 2004).  
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This is an important step for any modeling effort but unfortunately, this step was not 
possible because only 1 year of water quality data exist for this reservoir.  The high 
frequency monitoring campaign at the Regional Reservoir will continue through Water 
Year 2007 and beyond.  Future work on this project should include model validation. 
 
Application of the model for diagnostic purposes  
The next step involves using the List Predicted + Observed procedure to list and 
rank observed and predicted variables against the model development data set (Table 47). 
Predicted and observed values for Total P are equal because of calibration for this factor.  
There are no predicted values for TP-Ortho P or Inorganic N/P because calibration was 
set to 0.  Hypolimnetic oxygen depletion (HOD-V) and metalimnion oxygen deplection 
(MOD) observed data were not available for the reservoir but predictions were calculated 
by the model. 
The high observed (and predicted) values for total phosphorus are indicated by its 
99.6% ranking within the model development dataset.  The difference between predicted 
and observed values, CV, and ranking for other nutrients indicates how well the model 
works for this unique reservoir.  Total Nitrogen (Total N) observations were nearly 
double the predicted values.  Ranking for Total N was also considerably different: 12% 
observed versus 42% predicted.  However, predicted values for Chlorophyll a (8.9 
mg/m3; 47%) and Secchi depth (1.7 mg/m3; 72%) were both closer to the observed 
values (11.7 mg/m3 and 61% for Chlorophyll a and 1.5 mg/m3 and 67% for Secchi 
depth).  This seems to indicate that the Chlorophyll a and Secchi depth response to 
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nutrient loading was more accurate than the fate of themselves nutrients themselves.  This 
issue might be more fully investigated when validation data are available. 
The frequencies of algal bloom events from 10 ppb – 60 ppb are also listed.  
These frequencies would be expected to decrease as the magnitude of the event increases 
as is the case with the mean value.   
The last three rows in Table 347 are the predicted and observed Trophic State 
Indices.  As would be expected, the TSI as a function of phosphorus is very high: it is 
ranked 99.6% in the model development dataset.  TSI as a function of Chlorophyll a was 
predicted as 52.0 and observed as 54.7.  TSI as a function of Secchi depth was estimated 
as 52.3 and observed as 54.0.  These values all indicate eutrophic conditions in the 
reservoir. 
 
Table 25 - Predicted versus observed water quality values. 
Predicted & Observed Values Ranked Against CE Model Development Dataset 
       Predicted Values      Observed Values 
Variable Mean CV Rank Mean CV Rank 
TOTAL P    MG/M3 510.0 0.59 99.6% 510.0 0.11 99.6% 
TOTAL N    MG/M3 473.6 0.65 12.1% 880.0 0.12 42.0% 
C.NUTRIENT MG/M3 26.9 0.95 36.2% 60.4 0.12 74.5% 
CHL-A      MG/M3 8.9 0.89 47.0% 11.7 0.93 61.3% 
SECCHI         M 1.7 0.43 72.6% 1.5 0.31 67.3% 
ORGANIC N  MG/M3 386.4 0.48 34.4% 710.0 0.28 78.6% 
TP-ORTHO-P MG/M3      40.0 0.11 61.9% 
HOD-V  MG/M3-DAY 59.5 0.48 36.5%      
MOD-V  MG/M3-DAY 61.2 0.52 44.1%      
ANTILOG PC-1 150.5 1.36 35.5% 370.0 0.55 62.4% 
ANTILOG PC-2 8.6 0.40 71.0% 9.0 0.67 74.1% 
(N - 150) / P 0.6 1.07 0.0% 1.4 0.18 0.0% 
INORGANIC N / P      0.4 1.33 0.0% 
TURBIDITY    1/M 0.4 0.52 28.1% 0.4 0.52 28.1% 
ZMIX * TURBIDITY 2.8 0.53 43.6% 2.8 0.53 43.6% 
ZMIX / SECCHI 4.5 0.45 45.4% 5.0 0.32 53.3% 
CHL-A * SECCHI 15.1 0.68 71.0% 17.8 0.98 78.4% 
CHL-A / TOTAL P 0.0 1.02 0.0% 0.0 0.94 0.0% 
FREQ(CHL-a>10) % 30.6 1.64 47.0% 47.8 1.23 61.3% 
FREQ(CHL-a>20) % 5.2 3.00 47.0% 12.1 2.53 61.3% 
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FREQ(CHL-a>30) % 1.1 3.90 47.0% 3.4 3.43 61.3% 
FREQ(CHL-a>40) % 0.3 4.57 47.0% 1.1 4.11 61.3% 
FREQ(CHL-a>50) % 0.1 5.12 47.0% 0.4 4.65 61.3% 
FREQ(CHL-a>60) % 0.0 5.57 47.0% 0.2 5.12 61.3% 
CARLSON TSI-P 94.1 0.09 99.6% 94.1 0.02 99.6% 
CARLSON TSI-CHLA 52.0 0.17 47.0% 54.7 0.16 61.3% 
CARLSON TSI-SEC 52.3 0.12 27.4% 54.0 0.08 32.7% 
 
Predicting the impacts of alternative loading scenarios 
The second research question in this project employs an existing empirical model 
to find optimal resource allocation for reducing the trophic state index of the Regional 
Reservoir.  The use of empirical (or deterministic) models based on ideal loading 
conditions is especially useful in regions such as this one with insufficient observed data 
(Kennedy, 2000).  The Regional Reservoir has only been in use for one full water year 
and observations in this study are limited to that time period.  With the model calibrated 
using the existing year of data and using empirical observations about the relationship 
between nutrients and water quality from the Army Corps of Engineers reservoir 
database, it is possible to predict trophic response to varied loading schemes. 
The approach used here assumes an ideal situation where there are no limitations 
for water availability.  In reality, there are restrictions on water availability from the three 
surface water sources as well as the well fields in the area.  In fact, optimizing the 
allocation of these sources is a research topic of its own conducted by Dr. Alison Adams 
of Tampa Bay Water.  However, the simplified method used for predictions based on the 
ideal of limitless supply but variable water quality should prove useful for reservoir 
managers. 
The method proposed for testing this involved changing the water (and thus 
nutrient) loading in the BATHTUB model and recording the modeled trophic response.  
 119 
The model was run using the “Base Case” flow rates from each of the tree sources and 
recorded the Predicted Frequency of Algal Blooms (Chl-a exceeding 10%-60%) and the 
impacts on Trophic State Index (as functions of Total Phosphorus, Chlorophyll a, and 
Secchi Depth).  The relative Flow Rate was changed three times so that each of the three 
sources contributed 100% of the inputs to the reservoir and again recorded the predicted 
results.  The results are shown in Table 44. 
The hypothesis was that the greater contributions from the Lower Pool would 
yield the lowest TSI.  This was proved false.  Increased flows from the Middle Pool 
rather than the Lower Pool yielded the lowest Trophic State Indices and lowest frequency 
of algal blooms. 
 
Table 26 – Impacts of changing relative flow from the Base Case (observed flow) to 100% flow from 
each of the three sources on Predicted algal blooms and Trophic State Index. 
Predicted Base Case Alafia Only MP Only LP Only 
FREQ(CHL-a>10) % 30.6 43.8 21.3 24.8 
FREQ(CHL-a>20) % 5.2 10.2 2.8 3.6 
FREQ(CHL-a>30) % 1.1 2.7 0.5 0.7 
FREQ(CHL-a>40) % 0.3 0.8 0.1 0.2 
FREQ(CHL-a>50) % 0.1 0.3 0.0 0.1 
FREQ(CHL-a>60) % 0.0 0.1 0.0 0.0 
CARLSON TSI-P 94.1 94.1 94.1 94.1 
CARLSON TSI-
CHLA 
52.0 54.1 50.2 50.9 
CARLSON TSI-SEC 52.3 53.6 51.4 51.8 
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CHAPTER SIX: CONCLUSIONS AND 
RECOMMENDATIONS FOR FUTURE STUDY 
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Conclusions 
This thesis work involved the use of exploratory data analysis, correlation and 
regression analysis, and employed an empirical model to examine water quality data 
collected in the first year (Water Year 2006) of a new municipal supply reservoir, the 
C.W. Bill Young Regional Reservoir.  The reservoir has a significant supply of nutrients 
typically associated with eutrophication.  Because of this, the potential for water quality 
deterioration through eutrophication is high.  The associated health consequences and 
expenses associated with using eutrophic water for municipal supply deem that this 
problem should be seriously studied.  Although rapid deterioration was not seen in the 
first full water year of operation, it is vital that monitoring and research on this issue 
continue.   
The first research question in this thesis asked how reservoir water quality has 
changed in the first year.  Exploratory data analysis using time-series data showed that 
the reservoir has stabilized after filling and that water quality has not rapidly deteriorated 
despite the large influx of nutrients commonly associated with eutrophication.  The time 
series visualizations show that the reservoir exhibits seasonal variations (expected to be 
annual) in temperature, dissolved oxygen, water clarity, and Chlorophyll a.  Cooler 
surface water temperatures are associated with higher dissolved oxygen, higher water 
clarity and lower Chlorophyll a.  The Trophic State Index as a function of Chlorophyll a 
was estimated for the time-series data and was found to be correlated with water 
temperature.  Statistical correlation show that 27.9% of the variability in trophic state 
index as a function of Chlorophyll a was correlated with average temperature at one foot 
below water level.  Two other estimates of trophic state index were also analyzed.  
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Results indicate that 56% of the variability in TSI(Secchi Depth), and 13% of the 
variability in TSI(Total Phosphorus) were correlated with differences in water 
temperature at one foot below the surface.  Thus, the first hypothesis about water quality 
in the reservoir was proved true: trophic state is seasonally influenced.  It increased in 
warmer months and decreased in cooler months.  There was a significant relationship 
between near surface temperature and TSI.  This relatively simple analysis, can be 
expanded in future studies.  These data should prove useful to reservoir managers in 
predicting algal blooms and in decision making about de-stratification efforts and 
algaecide application.    
The second hypothesis concerned the difference in near-surface water temperature 
and near-floor water temperature.  This difference is a measure of stratification.  Results 
yielded lower correlation with trophic state index.  Only, .8% of the variation in 
temperature difference was correlated with TSI(CHL).  However, it is known from 
literature on eutrophication and from observations with time-series data, that stratification 
plays an important role in algal biomass.  These results do not indicate that thermal 
stratification is unimportant but rather that the method used poorly represents the unique 
conditions in the reservoir.  The scope of this study was necessarily limited by time and 
data access and further work with more robust methods is needed. 
The results of multivariate regression indicate that TSI(TP) and four measures of 
temperature (1 foot above the floor, 1 foot below the surface, their difference, and a 
dummy variable for stratification) had good predictive power for TSI(CHL).  54.4% of 
the variability in TSI(CHL) could be explained by the multivariate model at a 95% 
confidence level.  However, these results are of a preliminary nature and more work 
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should be done in this area.  Time constraints limited the analysis performed in this study 
and there leaving the possibility for much future work.  Multiple regression has proved 
effective in assessing the relationship between algal biomass (as measured by 
Chlorophyll a) and other water quality data in other studies so it may prove useful to 
reservoir managers here.   
The second research question involved predicting the effects of alternative 
loading scenarios.  These were investigated using an empirical model.  Model results 
indicate that loading schemes using water from the Middle Pool of the Tampa Bypass 
Canal (TBC) exclusively would yield the lowest TSI.  The modeled Middle Pool case 
yielded TSI(CHL)=50.2 and TSI(SD)=51.4.  The modeled Lower Pool case yielded 
TSI(CHL)=50.9 and TSI(SD)=51.8.  The modeled Alafia River case yielded 
TSI(CHL)=54.1 and TSI(SD)=53.6.  TSI as a function of total phosphorus was 
unchanged for all cases (94.1).    
These results reflect the relative water quality of the reservoir’s three sources.  
Although the modeled scenarios, the use of 100% water from each of the three sources, is 
not practical, this study did show that the BATHTUB model proved useful in modeling 
the relationships between these sources and trophic response.  As more data becomes 
available, calibration, and validation are improved reservoir managers can expand the use 
of this model in operations.   
Longer-term studies should be conducted to assess multi-year accumulation of 
nutrients and shorter term studies should be conducted to assess the seasonal nature of the 
reservoir.  The estimation of Hypo/Metalimnetic Oxygen Depletion could be 
incorporated into the model.  Better estimation of atmospheric deposition of freshwater 
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and nutrients could be incorporated into the model using data from a nearby 
meteorological station. 
Lastly, it would be useful to compare this reservoir to other reservoirs in the 
region.  The Florida Lake Atlas at the University of South Florida and the Florida 
Lakewatch at the University of Florida have data that might prove useful in this 
endeavor. 
One of the limitations of this work involved data accessibility.  There were 
existing data for some of the water quality parameters under investigation in this study 
that were unavailable at the time of writing.  The database and application used for access 
to these data is still under development.  Recommendations for application and database 
improvement include: inclusion of the Tampa Bypass Canal pump station (TBCPSEFF) 
site, inclusion of Ortho-P measurements in the reservoir, and increased availability of 
metadata. 
Another data limitation involved estimates of water quality for the reservoir’s 
sources.  Water quality sampling at the pump station rather than sampling of the pool, 
created difficulties in estimating pool water quality.  More information on water flow at 
the pump station (e.g. how much water is flowing from each pool at the time of sampling) 
would yield better estimates of in-pool water quality. 
Because of data and time limitations, annual average concentrations for nutrients 
were used in this study rather than flow weighted averages.  Estimation of flow weighted 
average would better reflect nutrient loading in the reservoir. 
The correlation analyses conducted in this study were rudimentary and more 
sophisticated techniques could be employed.  The estimation of correlation between 
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variables may have been biased by temporal lag.  For example, a temporal offset between 
two variables, e.g. maximum algal counts occurring one month after maximum water 
temperature, could easily be missed by linear correlation.  A possible analyses technique 
that would include this possibility is the Autoregressive Moving Average model 
(ARIMA).   
There were also some problems associated with the BATHTUB model.  Some of 
the values observed (e.g. total phosphorus) were outside of the range of the dataset used 
to derive empirical relationships between nutrients and eutrophic response by the model.  
Developing these relationships with lake and reservoir data in Florida would likely 
improve prediction.  Also, data limitations because of the new nature of the reservoir 
made verification of results impossible.  This procedure should be repeated when these 
data become available.  Additionally, other eutrophication models (e.g. CE-QUAL-W2 or 
WASP-EUTRO) could be employed for the investigation of alternative loading scenarios.   
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APPENDIX B 
MULTIVARIATE REGRESSION  RESULTS 
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Appendix B, Figure 1a- 1l– Histograms for select parameters   
 
a. Distribution of Secch Depth (feet)  
 
 
b. Distribution of TSI(Secchi Depth) 
 
c. Distribution of Chlorophyll a (mg/L) 
 
d. Distribution of TSI(Chlorophyll a) 
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e. Distribution of Total Phosphorus (mg/L) 
 
f. Distribution of TSI(Total Phosphorus) 
 
 
g. Distribution of Temperature at 1 foot below water 
level (1BWL) 
 
 
h. Distribution of Natural Log(Temperature at 1 foot 
below water level) 
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i. Distribution of water temperature at 1 foot above 
floor level (1AFL) 
 
j. Distribution of Natural Log(water temperature at 1 
foot above floor level) 
 
k. Distribution of difference in water temperature  
(1BWL – 1AFL) 
 
 
 
l. Distribution of Natural log(difference in water 
temperature) 
NOTE: negative values in this variable produced NaN 
(not a number) 
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m. Distribution of difference in water temperature  
(1BWL – 1AFL) (Negative values set to minimum) 
 
n. Distribution of Natural Log(difference in water 
temperature) 
 
 
  
 
RESET test for nonlinearity 
RESET = 4.2496, df1 = 10, df2 = 57, p-value = 0.0001965 
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Appendix B, Figure 2 - Basic Diagnostic Plots for Multiple Regression Model 
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Appendix B, Figure 3 - Residual Quantile Comparison Plot 
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Appendix B, Figure 4 - Component-Residual Plot Matrix 
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Appendix B, Figure 5 - Added-Variable Plot Matrix 
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Appendix B, Figure 6 - Influence Plot 
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Appendix B, Figure 7 - Effect Plot Matrix 
 
 
 
 
Appendix B, Figure 8 -Influence plot for multiple regression model 
 
 172 
 
 
 
 
 
 
APPENDIX C 
INPUT FILES FOR THE BATHTUB MODEL 
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Vers 6.0 
Single Reservoir, 1 Segment 
4,"Global Parmameters" 
1,"AVERAGING PERIOD (YRS)",1,0 
2,"PRECIPITATION (METERS)",0,.2 
3,"EVAPORATION (METERS)",0,.3 
4,"INCREASE IN STORAGE (METERS)",0,0 
12,"Model Options" 
1,"CONSERVATIVE SUBSTANCE",0 
2,"PHOSPHORUS BALANCE",1 
3,"NITROGEN BALANCE",1 
4,"CHLOROPHYLL-A",1 
5,"SECCHI DEPTH",1 
6,"DISPERSION",1 
7,"PHOSPHORUS CALIBRATION",2 
8,"NITROGEN CALIBRATION",2 
9,"ERROR ANALYSIS",1 
10,"AVAILABILITY FACTORS",0 
11,"MASS-BALANCE TABLES",1 
12,"OUTPUT DESTINATION",2 
17,"Model Coefficients" 
1,"DISPERSION RATE",1,.7 
2,"P DECAY RATE",1,.45 
3,"N DECAY RATE",1,.55 
4,"CHL-A MODEL",1,.26 
5,"SECCHI MODEL",1,.1 
6,"ORGANIC N MODEL",1,.12 
7,"TP-OP MODEL",1,.15 
8,"HODV MODEL",1,.15 
9,"MODV MODEL",1,.22 
10,"BETA  M2/MG",.025,0 
11,"MINIMUM QS",.1,0 
12,"FLUSHING EFFECT",1,0 
13,"CHLOROPHYLL-A CV",.62,0 
14,"Avail Factor - TP",1,0 
15,"Avail Factor - Ortho P",0,0 
16,"Avail Factor - TN",.59,0 
17,"Avail Factor - Inorganic N",.79,0 
5,"Atmospheric Loads" 
1,"CONSERVATIVE SUBST.",0,0 
2,"TOTAL P",30,.5 
3,"TOTAL N",1000,.5 
4,"ORTHO P",15,.5 
5,"INORGANIC N",500,.5 
1,"Segments" 
1,"single",0,1,4.04,13.72,3.22,7.6,.12,12,.12,.3658,.52,0,0 
1,"CONSERVATIVE SUBST.",0,0 
1,"TOTAL P",0,0 
1,"TOTAL N",0,0 
1,"CONSERVATIVE SUB",0,0,1,0 
1,"TOTAL P    MG/M3",510,.11,1,0 
1,"TOTAL N    MG/M3",880,.12,1,0 
1,"CHL-A      MG/M3",11.72,.93,1,0 
1,"SECCHI         M",1.517904,.31,1,0 
1,"ORGANIC N  MG/M3",710,.28,1,0 
1,"TP-ORTHO-P MG/M3",220,.11,1,0 
 174 
1,"HOD-V  MG/M3-DAY",0,0,1,0 
1,"MOD-V  MG/M3-DAY",0,0,1,0 
4,"Tributaries" 
1,"Alafia",1,3,0,8.42,1.050892,0 
1,"CONSERVATIVE SUBST.",0,0 
1,"TOTAL P",1420,.54 
1,"TOTAL N",1830,.83 
1,"ORTHO P",1490,0 
1,"INORGANIC N",1010,.89 
1,"LandUses",0,0,0,0,0,0,0,0 
2,"Middle Pool",1,3,0,8.42,0,0 
2,"CONSERVATIVE SUBST.",0,0 
2,"TOTAL P",180,.58 
2,"TOTAL N",1020,1.37 
2,"ORTHO P",220,.58 
2,"INORGANIC N",220,1.75 
2,"LandUses",0,0,0,0,0,0,0,0 
3,"Lower Pool",1,3,0,12.2,0,0 
3,"CONSERVATIVE SUBST.",0,0 
3,"TOTAL P",180,.62 
3,"TOTAL N",1120,1.1 
3,"ORTHO P",130,.62 
3,"INORGANIC N",230,1.53 
3,"LandUses",0,0,0,0,0,0,0,0 
4,"outflow d",1,4,570,29.05,0,0 
4,"CONSERVATIVE SUBST.",0,0 
4,"TOTAL P",495,.118 
4,"TOTAL N",821,.146 
4,"ORTHO P",930,0 
4,"INORGANIC N",109,.79 
4,"LandUses",0,0,0,0,0,0,0,0 
0,"Channels" 
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Bathtub Input Screen  File:    
      
Case Title   
Single Reservoir, 1 
Segment     
      
Number of Segments   1    
Number of Tributaries   4    
Number of Channels   0    
      
Notes   single reservoir     
Notes  spatially averaged     
Notes          
Notes          
Notes          
Notes          
Notes          
Notes          
Notes          
Notes           
      
Global Variables      
Averaging Period (yrs)   1 0   
Precipitation (m)  0 0.2   
Evaporation (m)  0 0.3   
Storage Increase (m)   0 0   
      
Atmos. Loads (kg/km
2
-yr)      
Conserv. Substance   0 0   
Total P  30 0.5   
Total N  1000 0.5   
Ortho P  15 0.5   
Inorganic N   500 0.5   
      
Segment Data      
Segment Number   1       
Segment Name   single       
Outflow Segment Number   0       
Segment Group Number   1       
Segment Morphometry          
Surface Area (km2)   4.04       
Mean Depth (m)   13.72       
Length (km)   3.22       
Mixed Depth (m) Mean 7.6       
  CV 0.12       
Hypol. Depth (m) Mean 12       
  CV 0.12       
Observed Water Quality           
 176 
Non-Algal Turb (1/m) Mean 0.3658       
  CV 0.52       
Conservative Subst Mean 0       
  CV 0       
Total P (ppb) Mean 510       
  CV 0.11       
Total N (ppb) Mean 880       
  CV 0.12       
Chlorophyll-a (ppb) Mean 11.72       
  CV 0.93       
Secchi (m) Mean 1.517904       
  CV 0.31       
Organic N (ppb) Mean 710       
  CV 0.28       
Total P - Ortho P (ppb) Mean 40       
  CV 0.11       
Hypo. O2 Depl (ppb/day) Mean 0       
  CV 0       
Metal. O2 Depl  (ppb/day) Mean 0       
  CV 0       
Calibration Factors          
Dispersion Rate Mean 1       
  CV 0       
Total P Mean 1       
  CV 0       
Total N Mean 1       
  CV 0       
Chlorophyll-a Mean 1       
  CV 0       
Secchi Mean 1       
  CV 0       
Organic N (ppb) Mean 1       
  CV 0       
Total P - Ortho P (ppb) Mean 1       
  CV 0       
Hypo. O2 Depl (ppb/day) Mean 1       
  CV 0       
Metal. O2 Depl  (ppb/day) Mean 1       
  CV 0       
            
Internal Loading Rates (mg/m2-day)         
Conservative Substance Mean 0       
  CV 0       
Total P Mean 0       
  CV 0       
Total N Mean 0       
  CV 0       
      
 177 
Tributary Data      
Tributary Number   1 2 3 4 
Tributary Name  Alafia 
Middle 
Pool 
Lower 
Pool 
outflow 
d 
Segment Number  1 1 1 1 
Tributary Type Code  3 3 3 4 
Drainage Area (km2)  0 0 0 570 
Flow (hm3/yr) Mean 8.42 8.42 12.2 29.05 
  CV 1.050892 0 0 0 
Conserv. Subst ( - ) Mean 0 0 0 0 
  CV 0 0 0 0 
Total P (ppb) Mean 1420 180 180 495 
  CV 0.54 0.58 0.62 0.118 
Total N (ppb) Mean 1830 1020 1120 821 
  CV 0.83 1.37 1.1 0.146 
Ortho P (ppb) Mean 1490 220 130 930 
  CV 0 0.58 0.62 0 
Inorganic N (ppb) Mean 1010 220 230 109 
  CV 0.89 1.75 1.53 0.79 
NonPoint Source Areas (km2)      
Category 1 landuse1 0 0 0 0 
Category 2 landuse2 0 0 0 0 
Category 3 landuse3 0 0 0 0 
Category 4 landuse4 0 0 0 0 
Category 5 0 0 0 0 0 
Category 6 0 0 0 0 0 
Category 7 0 0 0 0 0 
Category 8 0 0 0 0 0 
      
Non-Point Source Export Coefficients     
Category Number   1 2 3 4 
Land Use Name  landuse1 landuse2 landuse3 landuse4 
Runoff (m/yr) Mean 0 0 0 0 
  CV 0 0 0 0 
Conserv. Subs. Mean 0 0 0 0 
 CV 0 0 0 0 
Total P (ppb) Mean 0 0 0 0 
  CV 0 0 0 0 
Total N (ppb) Mean 0 0 0 0 
  CV 0 0 0 0 
Ortho P (ppb) Mean 0 0 0 0 
  CV 0 0 0 0 
Inorganic N (ppb) Mean 0 0 0 0 
  CV 0 0 0 0 
      
Transport Channels      
Channel Number           
Channel Name          
 178 
From Segment Number          
To Segment Number          
Advective Flow (hm3/yr) Mean         
  CV         
Diffusive Exchange (hm3/yr) Mean         
  CV         
      
Model Coefficients ( Mean, CV)     
Dispersion Rate   1 0.7   
Total Phosphorus  7.863597 0.45   
Total Nitrogen  1 0.55   
Chl-a Model  1 0.26   
Secchi Model  1 0.1   
Organic N Model  1 0.12   
TP-OP Model  0 0   
HODv Model  1 0.15   
MODv Model  1 0.22   
Secchi/Chla Slope (m2/mg)  0.025 0   
Minimum Qs (m/yr)  0.1 0   
Chl-a Flushing Term  1 0   
Chl-a Temporal CV  0.62 0   
Availability Factor - Total P  1 0   
Availability Factor - Ortho P  0 0   
Availability Factor - Total N  0.59 0   
Availability Factor - Inorganic 
N   0.79 0   
      
Model Options      
Conservative Substance   0    
Phosphorus Balance   1    
Nitrogen Balance   1    
Chlorophyll-a   1    
Secchi Depth   1    
Dispersion   1    
Phosphorus Calibration   2    
Nitrogen Calibration   2    
Error Analysis   1    
Availability Factors   0    
Mass-Balance Tables   1    
Output Eestination   2    
      
End of Inputs      
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APPENDIX D 
Bathtub Model Equations & Options 
(reproduced from documentation, Walker, 2004) 
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Phosphorus Sedimentation Models       (see discussion) 
Unit P Net Sedimentation Rate (mg/m3-year) = CP A1 PA2  
Solution for Mixed Segment:  
     Second-Order Models (A2 = 2):  
              P = [-1 + (1  + 4 K A1 Pi T)0.5 ] / (2 K A1 T) 
     First-Order Models (A2 = 1):  
              P = Pi / (1 + K A1 T) 
  
Option Model Description A1 A2 
0 
Do Not Compute (Set Predicted = Observed) 
[default] 
 -  - 
1 
Second-Order, Available P       [default] 
Inflow Avail P = 0.33 Pi + 1.93 Pio 
See options for specification of available P 
0.17 Qs/(Qs + 13.3) 
Qs = Max(Z/T,4) 
2 
2 
Second-Order Decay Rate Function 
Fot = Tributary Ortho P / Total P Load 
Requires specification of inflow total & ortho P 
loads 
0.056 Fot-1Qs/(Qs + 
13.3) 
Qs = Max(Z/T,4) 
2 
3 Second-Order 0.10 2 
4 Canfield & Bachman (1981), Reservoirs 0.114 (Wp/V)0.589 1 
5* Vollenweider (1976), Northern Lakes  T-0.5 1 
6* Simple First-Order 1 1 
7* First-Order Settling 1/Z 1 
8* Canfield & Bachman (1981), Natural Lakes 0.162 (Wp/V)0.458  
9* Canfield & Bachman (1981), Reservoirs + Lakes 0.129 (Wp/V)0.549 1 
 
Nitrogen Sedimentation Models     (see discussion) 
Unit N Net Sedimentation Rate (mg/m3-year) = CN B1 NB2  
Solution for Mixed Segment:  
     Second-Order Models (B2 = 2):  
              N = [-1 + ( 1  + 4 K B1 Ni T )0.5 ] / ( 2 K B1 T ) 
     First-Order Models (B2 = 1):  
              N = Ni / (1 + K B1 T) 
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Option Model Description B1 B2 
0 
Do Not Compute (Set Predicted = Observed) 
[default] 
 -  - 
1 
Second-Order, Available N [default] 
Inflow Avail N = 0.59 Ni + 0.79 Nin 
See options for specification of available N 
0.0045 Qs/(Qs + 7.2) 
Qs = Max(Z/T,4) 
2 
2 
Second-Order Decay Rate Function 
Fin = Tributary Inorganic N/Total N Load 
Requires specification of inflow total & inorganic 
N loads 
0.0035 Fin-1Qs/(Qs + 
17.3) 
Qs = Max(Z/T,4) 
2 
3 Second-Order 0.00315 2 
4* Bachman (1980), Volumetric Load 0.0159 (Wn/V)0.59 1 
5* Bachman (1980), Flushing Rate 0.693 T-0.55 1 
6* Simple First-Order 1 1 
7* First-Order Settling 1/Z 1 
 
 
Chlorophyll-a Models   (see discussion) Applicability Constraints 
Option 
Description 
/ Limiting 
Factors 
Equations a 
(N-
150)/P 
Ninorg/Portho Fs 
0 
Do Not 
Compute  
Predicted = Observed         
1 
P, N, Light, 
Flushing 
Xpn  =  [ P-2 + ((N-150)/12)-2 ]-0.5 
 
Bx  =  Xpn1.33 / 4.31 
 
G  =  Zmix (0.14 + 0.0039 Fs) 
 
B  =  K Bx /[ (1 + b Bx G) (1 + Ga) ] 
        
2 
P, Light, 
Flushing 
[default] 
Bp = 
P1.37/4.88                                                 
 
G = Zmix (0.19 + 0.0042 Fs) 
 
B = K Bp / [(1 + b Bp G) (1  + Ga)] 
  >12 >7   
3 
P, N, Low 
Turbidity 
B = K 0.2 Xpn1.25     <0.9     <25 
4 P, Linear B = K 0.28 P                     <0.9 >12 >7 <25 
5 
P, 
Exponential, 
Jones & 
Bachman 
(1976) 
B = K 0.081 P1.46 <.4 >12 >7 <25 
6 P, Carlson B = K 0.087 P1.45 <0.4 >12 >7 <25 
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TSI (1977), 
Lakes 
 
 
Secchi Depth Models     (See discussion) Applicability Constraints 
Option Description  Equations 
(N-
150)/P 
Ninorg/Portho 
0 Do Not Compute  
Predicted = 
Observed 
    
1 
Secchi vs. Chl a and Turbidity 
[default]  
S = K / (a + b B)     
2 
Secchi vs. Composite 
Nutrient           
S = K 16.2 Xpn-
0.79 
    
3 
Secchi vs. Total P, CE 
Reservoirs 
S = K 17.8 P -0.76 >12 >7 
4* Carlson TSI (1977) , Lakes S = K 48 / P  >12 >7 
 
Longitudinal Dispersion Models     (see discussion) 
Option Description Equations 
0 Do Not Compute E = 0 
1 
Fischer et al. (1979) Dispersion 
Equation 
as adapted by Walker (1985)    
[default] 
Width                      W = As/L 
Cross-Section           Ac = W Z 
Velocity                   U = Q/Ac 
Dispersion                D = KD 100 W2 Z-
0.84 Maximum (U,1) 
Numeric Dispersion    Dn = U L/2 
Exchange                 E = MAX( D - Dn , 
0 ) Ac/L 
2 Fixed Dispersion Rate 
Same as Model 1, except with fixed D = 
1,000 km2/year 
D = 1000 KD 
3 Input Exchange Rates Directly E = KD  
4 
Fischer Equation, Not Adjusted for 
Numeric Dispersion 
E = D Ac/L                (D as defined in 
Option 1) 
5 
Constant Dispersion, Not Adjusted 
for Numeric Dispersion 
E = 1,000 KD Ac / L 
 
Error Analysis  (see discussion) 
Option Description 
0 Do Not Perform (Output CV's = 0) 
1 Consider Model Error & Input Error  [default]  
2 Consider Model Error Only (reflect inherent model error only) 
3 Consider Input Error Only (reflect uncertainty in user-specified inputs only) 
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Application of Phosphorus Calibration Factors   (see discussion) 
Option Description 
0 Apply Calibration Factors to Predicted Sedimentation Rates  [default] 
1 Apply Calibration Factors to Predicted Concentrations 
 
Application of Nitrogen Calibration Factors   (see discussion) 
Option Description 
0 Apply Calibration Factors to Predicted Sedimentation Rates  [default] 
1 Apply Calibration Factors to Predicted Concentrations 
 
Calculation of Mass Balance Tables   (see discussion) 
Option Description 
0 
Use Observed Segment Concentrations to Calculate Outflow and Storage 
Terms 
Mass balance tables are based entirely on observed inflow, outflow, & 
segment concentrations specified by the user (independent of predicted 
reservoir or outflow concentrations).  If observed outflow or segment 
concentrations are missing, predicted values are used. 
1 
 Use Predicted Segment Concentrations to Calculate Outflow and Storage 
Terms [default] 
 
Equations for Other Trophic Response & Morphometric Variables   (see 
discussion  & output variable descriptions)  
Variable Equations 
Organic Nitrogen Norg =  K ( 157 + 22.8 B + 75.3 a ) 
Total P - Ortho P 
P - Portho = K Maximum [ -4.1 + 1.78 B + 23.7 a , 1 
] 
Hypolimnetic Oxygen 
Depletion Rate (Near-Dam) 
HODv = K 240 Bm.5 / Zh   (for Zh > 2 m) 
Metalimnetic Oxygen 
Depletion Rate (Near-Dam) 
MODv = K 0.4 HODv Zh 0.38 
Principal Components  
With Chl-a, Secchi, Nutrient, & 
Organic N Data 
PC-1 = 0.554 log(B) + 0.359 log(Norg) + 0.583 
log(Xpn) - 0.474 log(S)   
PC-2 = 0.689 log(B) + 0.162 log(Norg) - 0.205 
log(Xpn) + 0.676 log (S)  
Principal Components 
With Chl a & Secchi Data Only 
PC-1 = 1.47 + 0.949 log(B) - 0.932 log(S) 
PC-2 = 0.13 + 0.673 log(B) + 0.779 log(S) 
Trophic State Indices (Carlson 
1977) 
TSIp  =  4.15 + 14.42 ln(P)  
TSIc  =  30.6 + 9.84 ln(B) 
TSIs  =  60.0 - 14.41 ln(S) 
Algal Bloom Frequencies 
(Walker 1984) 
Percent of time during growing 
season that Chl-a exceeds 
Calculated from Mean Chl-a (B) assuming that 
temporal variations in chl-a 
are represented by a log-normal frequency 
distribution with a   
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bloom criteria of 10, 20, 30, 
40, 50, or 60 ppb. 
coefficient of variation = 0.62 (user-adjustable via 
the Model Coefficients< /A > screen) 
 
Non-Algal Turbidity  
a = 1/S - b B  (minimum value = 0.08 1/m) 
Applied to observed S and B values in each segment 
if non-algal turbidity values are not input directly 
(=0) on the Edit Segments screen.  The parameter b 
(default = 0.025) is entered on the Model 
Coefficients screen. 
Mean Depth of Mixed Layer  
log (Zmix) =       -0.06 + 1.36 log (Z) - 0.47 [log 
(Z)]2        (R2 = 0.93, SE2 = 0.0026) 
     Constraint:     Zmix <= Z   
Used to estimate Zmix value for each segment if not 
input directly 
 
 
